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PREFACE TO SECOND EDITION 

In our revision of the book before rcyirinting, we have considered 
carefully the question of vsign conventions in (Jeometrical 0})tics 
in tliG light of the Ke]>ort published by the Physical Society in 
1934. Wo came to tlic conclusion that no change was desirable 
in the })()dy of the work, partly because of the confusion that 
would necessarily ])C caused while older copies of the work were 
still in use, l)ui also because we believe the system here used has 
much to commend it. The sole objection which can be raised 
against these conventions is that the focal length of a converging 
lens is obtained as a negative quantity, whereas in tire optical 
industry a converging hms is usually called a ^sitive leis. For 
those teacluu’s or students who wish to us('. one of the alternative 
conventions suggested in the Keport, we have given a brief 
account of them in a Supplement (p. 649), which should enable 
the optica] experiments described in Part III to be carried out 
without difficulty. 

A number of otlier additions and some corrections have be*cj 
made, especially in the chapter on Thermionic Valvc^.s, and w 
wish to express our thanks to Dr. D. Jack and to Dr. A. 
Taylor, and to others who have made hel]>ful suggestions. 

H. S. ALLEN. 

H. MOORE. 

Jemaary 1939‘ 


V 




PREFACE TO FIRST EDITION 

In teaching Practical I’hysics at King’s College, London, we have 
employed for several years manuscript books of instructions for 
experiments, each providing a short description of the apparatus 
required together with the necessary theory. Hut wc have felt 
the need of permanent records easily available for large numbers 
of students, and it is hoped tha^ this book, based on these labora¬ 
tory instructions, wih^ prove of service not only to our own 
students but also to those of other teachers. 

The work is designed prima v to cover the Intermediate 
Pass Courses in Science, Engineer* * and Medicine of the Uni¬ 
versity of London, but it is aisc suitable for Intermediate 
Honours candidates and for UniversPp Scholarships. Further, 
it meets the requirements of the Civil SvUwice Commissioners in 
connection with Junior Appointments, the Post Office (Engineers),, 
and the Army Entrance Examination. 

No student could be expected to cover in one year the whole 
of this course, and a selection of suitable experiments to meet 
the needs of particular students should be made by the teacher. 
The fact that Engineering Students in the University of London 
are required to take a practical course in Applied Mathematics 
explains the presence of a larger number of experiments in 
practical mechanics than is usual in a text-book of Practical 
Physics. 

For completeness, the scope of the book has been extended 
somewhat and a limited number of more advanced experiments 
has been included. For example, a description of the simpler 

vii 
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phenomena of Surface Tension, and of the elementary methods 
by which it can be measured, has been incorporated though not 
usually studied in an Intermediate Course. In the part dealing 
with. Electricity will be found a number of experiments suit¬ 
able for students who are commencing the study of Electrical 
Engineering. 

The volume in its present form covers the greater part of 
the work necessary for a Pass Degree in Science in most 
Universities. 

The letterpress has been divided so as to separate descrip 
tions and theoretical discussions from those ])arts of the Tiaturo 
of laboratory instructions ; the latter are indicated by indenting 
the letterpress. The teacher should select for each meeting of 
the class experiments suitable for the individual students, and it 
is a good plan for the student to bo informed at the end of the 
day^s work what section he rJ'.ouId read in preparation for the 
next practical class. 

It is seldom that sullicicnt apparatus is available for all 
students to be working at the ^ me experiment simultaneously, 
and it is usually impossibh to arrange that each individual 
student should follow the e:£act order here given. 

The student must be warned against a prevalent idea that an 
experiment is comjileted:^ when the manipulations or observations 
are finished. It must be made clear to him that the results must 
be calculated ana considered with care, and a lecord of the experi¬ 
ment be written in his own words. 

Every experimental exorcise should have for its object the 
elucidation of physical principles, and we have kept in view 
the theoretical aspect of the experiments throughout thisVo»k. 
Stress has been laid on the degree of accuracy obtainable in an 
experiment, and the student has been shown how to conduct 
the measurements so as to obtain the best results with the means 
at his disposal. 

Most of the experiments described are such as can be carried 
out with simple apparatus. Many instrument makers advertise 
for lAbotatory use apparatus more adapted for lecture purposes. 
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IX 


The apparatus used in a laboratory course should be such as will 
develop experimental and manipulative skill. Hence, although 
measuring instruments of j^^'^cision are essential, the use of 
elaborate apparatus, sometimes almost automatic in its action, is 
to be deprecated in a lal)oratory for students. 

An important educational aim, to be kept in mind by the 
teacher of Physics, is the development of men and women 
cajiable of doing good work in adverse or unfamiliar circum¬ 
stances, and of carrying out original investigation and research. 
For this, facility in the handling of apparatus and co-ordination 
of hand, eye, and oar are essential. 

Several additional exercises, many selected from College 
examination papers, have been given at the end of each Part. 

Most of the diagrams have been drawn specially for this 
book, but we are indebted to Messrs. Macmillan & Co., Ltd., for 
a number of illustrations, and gladly thank the Cambridge 
Scientific Instrument Company and Messrs. R. W. Paul for 
several pictures of apparatus. 

Mr. F. Castle has been good enough to grant permission for 
the inclusion at the end of the volume of mathematical tables 
selected from his Logarithmic and other Tables for Schools. 

In conclusion, we desire to thank sincerely Sir Richard 
Gregory and Mr. A. T. Simmons for the great assistance they 
have rendered by invaluable suggestions and advice while the 
book was passing through the press. 

H. S. ALLEN. 

December 1915. H. MOORE. 

Besides other additions, two chapters are now included deal 
iiig with electro-magnetic waves and thermionic valves. We are 
indebted to Mr. H, E. Hadley for the figures of a diode and a 
triode from his Everyday Physics^ and to Dr. L. F. Richardson and 
Mr. R. S. Maxwell for valuable suggestions. 


September 1928. 


H. S. A. 
H. M. 
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CHAPTER I 


INTRODUCJTOKY 
§ 1. General Instructions 

In the practical work of any branch of science, the results aimed 
at may be divided into two kinds j qualitative and quantitative. 
In physics, the purely (pialitative type of result is rarely desired, 
the experimental work, even in the elementary stages of the 
subject, being such as will give quantitative results with little 
more trouble than would be required to obtain mere qualitative 
knowledge. For this reason almost every physical experiment 
involves the taking of one or more measurements, so that physics 
has been termed, somewhat contemptuously perhaps, ‘ the science 
of accurate measurement.’ 

The fact that mecmiring is such an important part of the 
practical side of physics, sometimes loads to a student hurriedly 
taking certain measurements (possibly before he understands the 
reasons for doing so) without studying the apparatus he uses, and 
without taking more than one series of observations. Too much 
stress cannot be laid on the really practical side of physics, as dis¬ 
tinct from the mere taking of readings. To obtain full benefit 
from a course of practical physics, not only should the purpose 
of an experiment be understood thoroughly, but also some time 
must be spent in setting up the appanitus and studying carefully 
the construction and working of the component parts, before a 
single observation is taken. 

The purpose of a course of practical physics is not fulfilled 
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completely unless the studeiit acquires dexterity in the manij)ula> 
tiou of apparatus and a considerable sjunjiatliy Avitli the instru¬ 
ments he uses. 

Having realised the aim of an experiment and the general 
method to be adopted in carrying it out, the necessary apparatus 
must be assembled and arranged for use. It is of great import¬ 
ance that all observations and readings should be obtainable 
without necessitating awkward bodily positions; also any part 
of the apparatus requiring frequent manipulation or adjustment 
should be placed within easy reach. Careful attention to these 
points will react indirectly on the accuracy of the experiment, as 
greater care will be taken in making observations and adjust 
ments if these can ]>e done in comfort and with ease; there wil 
also be less likelihood of accidentally deranging the a 2 >paratus. 

It is frequently convenient to go rapidly through an experi 
merit to see that all is in order, before proceeding to carry out 
any accurate observations. 

§ 2. Recording Results—Note-Books 

For a course of practical physics two note-books should be 
used. One of these is reserved for the ‘ fair ^ record ; it should 
be a large note-book (quarto size is suitable) with alternate 
pages ruled in millimetre squares. The other is a smaller 
note-book for recording observations, and for calculations ; in 
this should be entered also a description of any noteworthy 
phenomena observed during an experiment, brief notes being 
teken in the laboratory to be amplified later in the fair record. 
The taking of these rough notes is quite as imjxirtant as any 
other part of the work done, especially if there is any delay in 
writing up the final account; points which are of considerable 
importance may be forgotten if no record is made of them at 
the time they are observed. Rough notes on loose sheets of 
paper are mislaid easily, and for his own sake the student 
should avoid taking notes in this manner. 

In taking observations and readings, every measurement made 



CH. I 


INTRODUCTORY 


5 


should he recorded in the rough note-hooh immediatelg, and checked 
after it has been urritten down. Each number should have written 
against it what it represents, and in all cases where a series 
of sets of observations is made, the observations should be 
arranged in tabular form. All calculations required for working 
out the result must he done in the rough note-hook^ and Juust he shown 
clearly. 

In the large note book a full record of each experiment should 
be given, and this should be in the student’s own words. The 
record should be made according to a definite scheme such as 
that given below. 

1. A description of the apparatus used, with diagrammatic 
illustrations drawn on the squared paper, and lettered for 
reference. 

2. A short account of the theory of the experiment. 

3. A detailed account of the operations carried out, and of 
the observations taken. Each reading or observation must be 
entered ; and where series of observations are made, these should 
i»e tabulated. 

4. The result obtained from the experiment should be entered, 
hut not the arithmetical working. In general, it is convenient 
to enter the result as a compound fraction, followed by the 
calculated value expressed as a whole number or as a decimal 
fraction. 

The result should be entered prominently, preferably occupying 
the last line of the record. The units in which the result is 
expressed must be stated. 

Wherever possible, the results should be expressed graphic¬ 
ally ; each graph should occupy one complete page, and the 
names of the quantities plotted, with the units in which they 
are represented, must be given. 

When a graphic construction forms part of an experiment^ 
the original drawing (or a copy drawn to scale) should be 
inserted in the note-book. 
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§ 3. Accuracy of Observations—Null Methops and 
Defi.ection Methods 

In general, readings should he taken to the highest degree 
of accuracy obtainable with the apparatus provided. To test 
the degree of accuracy obUinable the adjustment should be 
repeate<l, and the reading taken again with the greatest possible 
care; any discrepancy between the two readings is attributable 
to errors inherent in the apparatus, provided sufficient care has 
been taken in adjustment and reading. 

It is good practice for a student to determine in this way 
the degree of accuracy obtainable in various types of measure¬ 
ment during the earlier stages of a practical physics course. 
This experience will enable him later to estimate the pro})or- 
tional accuracy of most types of observations, without making 
an actual determination; though whenever a completely new 
kind of measurement has to bo made, the proportional accuracy 
should be determined once or twice in this "way. 

It is worthy of note that, in general, observations which 
depend on the balancing of two effects so as to neutralise each 
other are more accurate than observations depending on measure" 
ment of the magnitude of an effect. In other words, null 
methods are, in general, more accurate than deflection 
methods. 

When using a null method in any experiment, we balance the 
effect of an unknown quantity against the effect of a known or 
standard quantity of the same type. The resulting effect is 
observed on an instrument which has to detect only the slight 
difference between the two effects. If we measured the effect 
of either quantity directly, we should require to use an instill¬ 
ment which gives only a moderate deflection when subjected to 
the whole effect, ie, an instrument of relatively low sensitiveness. 
As a result of this low sensitivity, a small, unavoidable error in 
reading the deflection would have an appreciable effect on the 
result. If a null method were employed, a much more sensi¬ 
tive instrili^f^flfr could be used—^an instrument of the highest 



'H. I 


INTRODUCTORY 


7 


sensitiveness possible. The possible error in adjusting the 
effects to reduce the reading to zero would probably be the 
same amount 07i the scale of the mstrunient as was the error of 
reading in the deflection experiment; it would, however, indicate 
a very much smaller error in the quantity under measurement. 

An excellent example of this principle is afforded by the 
measurement of mass. A spring balance measures the mass by 
a deflection method, the quantity observed being the extension 
of the spring due to the weight of the body. An ordinary 
balance is an apparatus wKiicjJh de})ends on a null adjustment, 
and gives much greater accuracy than can possibly be obtained 
by a spring balance designed to weigh up to the same limit. 

It is important to know that, in general, observations which 
depend on weighing are much more accurate than determinations 
of either length or time. Wherever possible, experiments should 
be designed in such a way that the most important observations 
are made by means of a balance. As an example of this, the 
student is referred to the experiment on the expansion of 
liquids by means of a weight thermometer. This experiment 
is so arranged that the coefficient of increase of volume is deter¬ 
mined without a single determination of volume being made, 
every observation from which the result is calculated being a 
* weighing.’ 

With the exception of the determination of length by optical 
methods, which requires elaborate apparatus, no other physical 
determination can be made so accurately as the determination of 
mass or the comparison of masses, owing to the great sensitive¬ 
ness which is obtainable with a well-designed balance. The only 
other simple physical measurement which approaches this in 
accuracy is the determination of electrical resistance by means 
of a Wheatstone’s Bridge, again a mill experiment. 

§ 4. Calculation of Kesults 

Since there is a limit to the accuracy obtaiiw'^’ 'u the 
determination of any physical quantity, it is obviov here 
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mUvSt also be a limit to the accuracy of any result calculated 
from such determinations. In calculating results, therefore, 
it is unnecessary to work to a greater number of significant 
figures than the observations merit; the final result can only 
be trusted to a certain number of places, and any figures beyond 
this number are meaningless. 

Much labour will be saved in arithmetical calculations if, 
at each stage in the calculation, the number of significant figures 
in the result of that stage is suitably cut down before proceeding 
to the next part of the calculation. For example, consider 
the determination of the volume of a cylinder 2*37 cm. 
long, and 1-13 cm. in diameter. Its volume is given by 

~x(M3)2x2-37c.c. 

Neither of the measured quantities is more accurate than 
I in 1000, and there is therefore no need to retain more than 
four figures after any arithmetical process; and tt may be taken 
as 3*142, or even as 3-14. 

(1*13)® is 1-27G9, and may be taken as 1*277. 

1*277 X 2*37 is 3*02649, and may be taken as 3*026. 

3*026 X is 3*026 x 0*7854, which gives as the product 

2*3766204, and the final result is written down as 2*38 c.c. 

Contracted methods of multiplication are of great value i 
simplifying the arithmetical work. 

It has become customary to give results only to such 
number of figures as can be claimed to be accurate. If thert 
fore a result is stated to five figures, it is at once assumei 
that accuracy to five figures is claimed. To write down five 
figures in a result which is only accurate to 1 in 1000 is thuf 
not only unnecessary but actually misleading, as giving an 
erroneous idea of the accuracy of the observations on which it 
is based. 

If it should happen that the last significant figure is a cipher, . 
this is included in the result even if it is after the decimal place, 
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its inclusion indicating that accuracy is claimed to that number 
of significant figures, e.g, 1 in. = 2-5400 cm. indicates that this is 
true to 1 part in 25,000. 

In many cases where the numbers dealt with are very large, 
powers of 10 arc put after a small number instead of writing 
a large number of ciphers after it. As an example of this 
method of stating the magnitudes of quantities, 28,000,000 
may be written as 2-8 x IC^ if accuracy of 3 or 4 per cent 
only is claimed, but 2-80 x 10^, 28-0 x 10^, or 280 x lO*'' if the 
accuracy is 1 in 300. Similarly negative pbwers of 10 are used 
for extremely minute quantities instead of writing a number of 
ciphers after the decimal point. Thus, 0-00003500, indicating 
accuracy of 1 in 3000, could be written either as 3500 x 10*"®, 
or as 3-500 x 10~^, but to write it as 3*5 x 10"^ would be incorrect, 
as claiming an accuracy of 3 per cent only instead of 1 in 3000, 
the accuracy merited by the observations. 

In calculations made by logarithms the order of the 
approximations made depends on the number of figures in the 
tables of logarithms used. Four-figure logarithms give an 
accuracy of about 1 in 2500 in a calculation involving four or 
five numbers, the possible error increasing with the number 
of factors to be multiplied together or divided. Five-figure 
logarithms are about ten times as accurate as this, while with 
a slide-rule (10 inch), if more than four factors are multiplied 
or divided, greater accuracy than 1 in 500 is not obtainable 
except with much care. 

In most cases, before performing the accurate calculations, 
approximate calculations should be made in order to detei' 
mine the m'dtr of magnitude of the result (or the position of the 
decimal point) ; this precaution is of special impm tance when a slide- 
rule is used, especially in inexperienced hands. 

An example of this may be given, using the dimensions of 
the cylinder on p. 8. 

V = j(M3)2x 2-37, 

Roughly this may be written down as 
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V = 1 X 1.0 X 1-2 X 2*5, 

- 3 , 

ie, the volume is of the oi’der of 3 c.c. 

The slide-rule gives the number 2.'57 (5) as the result, and this 
can be written at once as 2-38 c.c., the position of the decimal 
point being determined by the result of the rough approximation 
just given. 

In calculating the results of an experiment where a certain 
quantity is to be determined from measurements of a number 
ot independent quantities, it is nat advisable, as a rule, to 
express that quantioy explicitly in terms of the various measured 
quantities. This procedure generally results in a long and 
complicated expression, which is difficult to work out and liable 
to occasion arithmetical errors. More important than this, 
however, is the definite loss of moaning the various quantities 
suffer when grouped together in a complex expression. The 
physical significance of each step of the calculation should be 
kept in view as far as possible. 

As a particular example of this, consider the expression on 
p. 147. The equation wgh - JTo)- + ^mir indicates three definite 
physical quantities, and if retained in this simple form it 
conveys a meaning at once, and can be written down from first 
principles immediately. To express * I * explicitly would be to 
destroy the meaning of the equfition to a very great extent. 

The use of ‘formulae,' which often put a meaningless burden 
on the memory, should bo avoided; and, wherever possible, an 
endeavour should be made to work out the solution of a problem 
by reasoning from first principles. 

§ 5. Graphic Methods 

The use of graphic methods is of great value both in 
theoretical and experimental physics. Whenever the observa¬ 
tions taken in an experiment form series relating to two Inter¬ 
dependent quantities, a graph should be drawn to illustrate 
the collection between them. The graph shows the way in 
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which the dependent variable (y) depends on the independent 
variable (x). It is customary to plot the values of the inde¬ 
pendent varialde as the abscissae horizontally from left to right, 
and the values of the dependent variable as the ordinates 
upwards, when the i)aper is held in a vertical plane. 

As a typical example may be cited the experiment on the 
simjde pendulum. In this, the iHJi iod ^ of a pendulum of length 
I is measured, I being varied arbitrarily, and the corresponding 
values of t being determined. Here I is the independent 
variable and should bo plotted horizontally, t being plotted on 
a scale running from the bottom of the page to the top. 

The units in which the variable is expressed, and the 
designation of the variable, must be marked clearly along the 
corresponding co-ordinate axis. Great care must be taken in 
choosing the scale to which each valuable is plotted, so that the 
resulting graidi may cover as large a portion of the sheet as 
possible.^ 

The points indicating the observations should be shown by 
dots with small circles drawn round them, or by small crosses. 
A smooth curve should then be drawn to represent the average 
distribution of the points, i.e. the curve should puss as evenly 
as possible between the points so that there are aliout as many 
on one side of the line as there are on the other. A test should 
first be made to see whether the graph can be represented by a 
straight line. A line ruled on a long strij) of glass or celluloid is 
useful for testing this, as it is possible to see the j^oints on hoik 
sides of the line. A piece of cotton tightly stretched is also 
useful for testing linear graphs. If a straight line cannot be 
drawn through the points, a cui vc should be drawn, either fiee- 
haml or by means of a thin flexible strip of wood bent to fit the 
curve. 

If the resulting graph is a straight line the relation between 
the variables is of the form y — mx + r, where m and c are con- 
sbiiits. If the graph is not a straight line the form of the curve 

* It IS assumed here that a sheet such as is found in the stmlent’s note-hook 
jils employeil. On ii large sheet, too large a scale would lend to exaggerate 
lll’ccideutal errors ol observation. 
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may suggest the relation between the vaiiables. Familiarity 
with curves corresponding to equations such as 

= .rS, y = and y == log x, 

will guide the student as to the type of curve most likely to fit 
the observations plotted. Then by jdotting powers of one of the 
quantities against the other, a straight line may result. Or a 
straight line may be obtained by plotting the logarithm of -.ne 
quantity against the other quantity, or against the logarithm 
of the other quantity.^ When a straight line graph has 
been obtiiined, the connection between the two physical quan¬ 
tities concerned can be expressed by means of an algebraic 
equation. 

Results can often be obtained by means of graphic methods 
with much less labour than arithmetical calculations would entail. 
Reference should be made to the instances considered in the 
text (e,g. pp. 83-89, 238, 241, 276). 

§ 6. Units employed in Physical Measurement 

The measurement of any quantity is expressed in a phrase 
of two parts—the number and the unit. Thus ‘ 12 seconds' 
contains the number 12, and the unit of time, the second. Each 
of the various quantities dealt with in physical measurements 
requires a tinit. It is, however, possible to express some quantities 
in terms of other quantities; we can, for example, express speed 
in terms of the distance travelled in a certain time, and it is 
obviously advantageous to measure speed in units which bear a 
simple relation to the units of length and time. All the physical 
quantities that are met with in mechanics may be expressed in 
terms of three selected quantities. The three independent units 
for these quantities are said to be the fundamental units of the 
system of units, the other units of the system being called 
derived units. 

In scientific work the fundamental quantities chosen are 
length, mass, and time. The units employed for these quantities 
^ See Expt 43.—Friction of rope over a fixed pulley (p. 95). 
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are the centimetre, the gram, and the second, so that the 
system is known «‘is the C.G.S. system of units. 

The centimetre is one-hundredth part of the metre, which was 
defined as the distance between the ends of a certain rod of 
platinum preserved in Paris. 

The gram is one-thousandth part of the kilogram, which was 
thC)raass of a certain cylinder of platinum preserved in Paris. 
Thei kilogram was intended to have the same mass as one cubic 
decimetre (1000 c.c., or 1 litre) of distilled water at the 
temperature of its maximum density. Consequently the mass of 
1 c.c. of water at 4"" C. is almost exactly 1 gram. 

The second is the mean solar second, defined as 1/86400 of 
the mean solar day, which is determined by the time of rotation 
of the earth on its axis. 

The International Prototype Metre is now defined as the 
distance, at the melting point of ice, between the centres of two 
lines engraved on a platinum-iridium bar of a nearly X-shaped 
section. 

The International Prototype Kilogram is the mass of a 
certain cylinder of platinum-iridium. 

These standards are kept at the International Bureau of 
Weights and Measures at Sevres, near Paris. 

For some purposes the^JLS? system of units based on the 
metre, the kilogram, and the second is more convenient than 
the C.G.S. system. 



CHAPTER II 


MEASUKEMENT OF FUNDAMENTAL QUANTITIES 
1, Measurement of Mass 

THE BALANCE 

The measurement of mass by means of an ordinary balance 
consists in balancing two forces against each other so that 
their turning moments on a lever are equal and opposite. 
When this is achieved, the forces themselves, if parallel to 
each other, are inversely proportional to the distances of their 
points of application from the fulcrum of the lever. The 
forces which act on the beam of a balance are the weights 
of the masses suspended from the beam, and thus the ratio 
of the weights of these masses is determined. As, however, 
the weight of a body is proportional to its mass, the ratio of the 
masses is the same as the ratio of the weights, i.e, the ratio of 
the masses suspended from the beam of a balance when In 
equilibrium, is the reciprocal of the ratio of the ‘ arms ’ fl^om 
which they are suspended. 

In an ordinary balance, tlie beam is a stiff rod sometimes of 
girder construction, which is supported at some point on knife- 
edges resting on flat plates at the top of the pillar of the balance. 
At the two ends of the beam are mounted knife-edges from which 
the scale-pans are suspended; the two parts of the beam are called 
the arms of the balance. Knife-edges must be used for the 
fulcrum and for the points of susj)en3ion of the scale-pans in order 
that the arms of the balance shall be of a definite length. As the 
ratio of these two is the reciprocal of the ratio of the masses on the 

14 
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scale-imns when balanced, it is obvious that this ratio must be 
accurately known, hence tlie arms themselves must have exactly 
defined lengtlis. In general this ratio is one of e(iiia]ity, but 
occasionally a ratio of 10 to 1 is used. 

The knife-edges have to support a considerable weight, and hence 
must be made of very hard material, so that they will not be 
deformed when the balance is loaded. Hardened steel is used for 
the knife-edges of balances of moderate accuracy, but agate is used 
for the more <lelicate balances for scientific work. In order to 
reduce w'car of the knife edges, a lever is generally fitted whereby 
the beam can be raised from the knife-edge supports, when the 



Fia. 1.—Sensitive Balance. 

balance is not in use, and allowed to rest on a brass bar supported 
in a fork of brass. This same lever raises the scale-pans, so that their 
weight does not rest on the knife-edges at the ends of the beam. 
The arrangement is called the Arrestment of the balance. 

In order to avoid chii>ping or otherwise deforming the knife- 
edges, it is essential that the beam should be raised or lowered so 
as to rest in the brass fork, l>eforo moving the balance, or altering 
the weights on the scale-pans. The beam must be raised and 
lowered gently for the same reason. 

For most purposes the arms of an ordinary balance may be 
assumed to be exactly ecpial, and therefore the mass of the body 
being ‘ weighed * may be taken as equal to the mass of the ‘ weights * 

B 
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which are required to balance it. Even if the arms are not exactly 
equal, this need not alfect the accuracy of most experiments in the 
slightest, })rovided that the ‘ weights ^ are always used on one pan 
and the unknown mass on the other. If this is done, the ‘ weights ’ 
used, though not ecjual to the unknown masses, will bear a constant 
ratio to these, and since in most experiments the ratio of the various 
masses used is required, the actual result will be unaltected. 

A good rule is to place the weights always in the right-hand 
pan, and the unknown mass in the left. 

In using a balance for comparing masses, it is essential that the 
beam and scale-})ans should be balanced accurattdy when unlotuled. 
Then, when the masses have been adjusted till the beam is in 
equilibrium again, the masses in the two scale-pans can be taken 
as ecpial. The beam will rest horizontally or oscillate about a 
horizontal position when in equilibrium. In order that this may 
be tested, the beam is furnished with a long pointer rigidly fixed to 
it, the end of the pointer moving over a small scale fitted to the 
pillar sujjporting the beam. When the beam is horizontal, the end 
of this pointer oscillates about the middle of the small scale, and 
thus a sensitive method of testing the horizontality of the beam is 
provided. Before loading the balance, the balance case must lx*, 
levelled by means of the levelling screws, so that the base may be 
horizontal as tested by the plumb-line or spirit-level attached to the 
apparatus. The beam should then be released so as to rest on the 
knife-edges, and the motion of the end of the })ointer be observed. 
Usually these oscillations will not l)e exactly about the middle of the 
scale, but provided the mean position is not far from the centre, the 
balance can be used without further adjustment, tiie tveights being 
ahoays adjusted until the pointer oscillates about the same pomtimi 
as when the beam was unlotxded. This is called working to a false 
zero. 

If the pointer has a mean position several divisions from the 
centre when the balance is unloaded, it is advisable to correct 
this before commencing to weigh. This c4in be done usually by 
moving a small nut along a screw fitted to one end of the beam, or 
by altering the position of a ‘ flag ’ mounted on the beam. This 
should not he attempted until the student has become familiar with 
the handling of balances, and care must he used in doing it, so as to 
avoid damaging any p>art of the balance, particularly the hriife-edges. 

Having seen that the balance when unloaded oscillates about 
the zero position, or having determined the false zero if this is not 
the case, the beam should be lowered and the unknown mass placed 
gently on the left scale-pan. Weights from the box of weights 
should then be placed on the right-hand pan, commencing with the 
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larger weights and proceeding downwards. The beam should he 
loivered before touching the scale-pan either to add or remove 
weights. Tiiis rule must be observed even for the smallest weights. 
In testing for balance at first, it is unnecessary to raise the l)cam 
completely, the want of lurlanoe being o])vious as soon as the beam 
begins to rise. The beam need not be raised to the full extent 
until the centigram weights are being used. 

In some eases weights smaller than 1 centigram are not 
su]>plied, and a ‘ rid('r ’ is used for getting the weight to milligrams 
or less. This ridtu* is a wire bent so as to ‘ride^ on tlie top of 
the balance beain, the mass of the wire being usually 1 centigram. 
The beam is divided into parts e((ual to one-tenth of the length 
of the arm, and the position of the rider is noted when adjusted 
till it gives the exact balance required. Obviously, a centigram 
rider at a point one-tenth of the distance along the arm is equivalent 
to 1 milligram in the scale-pan at the end, and so on. Thus with 
a centigram rider the weight of a body can be determined to within 
1 milligram or less, provided the arm of the balance is subdivided 
in this way and the balance is sufiiciently sensitive to detect a 
difference of this order. 

A box of weights requires as much care as the balance with 
which the weights are used. Any corrosion or oxidation will 
alter the mass of a ‘ weight'; great care should be taken 
therefore to keep the weights from contact with acids, mercury, 
or water. It is obviously absurd to weigh to 1 milligram if one 
ot the larger weights is wrong through corrosion to an amount 
greater than this. All weights of any accurate box should be 
lifted with the forceps provided in the box, this rule being 
applicable to the largest weights as well as to the smaller. Care 
should be taken not to bend the smaller weights; they should 
be held by the corner or side bent up for this purpose. To 
facilitate handling the smaller weights, they can be put on the 
top of the larger weights when on the scale-pan. 

The weights used in any experiment should as far as possible 
all come from one box. If two boxes must bo used, the weights 
should bo returned to their respective boxes. 

In reckoning up the weights, having ‘weighed^ a body, the 
weights should be counted whilst on the scale-pan and the total 
recorded in the note-book. They should be removed one at a 
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time, the total being checked as they are returned to their 
places in the box; in this way any error will be observed and 
corrected. Failure to observe this precaution may frequently 
cause a weighing to have to be repeated, or may render a whole 
experiment useless. 

The weight of a body cannot be determined accurately when 
there is an appreciable difference between the temperature of 
the body and that of the room, on account of the convection 
currents set up in the air. If the body is colder than the 
atmosphere, moisture may condense upon it and make the 
observed weight too large. 

No corrosive liquid should be allowed inside the balance case 
except in a securely stoppered vessel, and all vessels containing 
liquid should be wiped clean on the outside before being put 
on the scale-pan. 

Expt. 1. Determination of the Mass of a Body by 
Means of the Balance. —Level the balance case by means of 
the levelling screws. Turn the handle of tlie arrestment so as 
to release the beain, and see that the beam rests without 
constraint on the knife-edges. If the beam does not begin to 
swing, start a gentle curi'ent of air by a rapid movement of tlie 
hand above one of the pans. Observe the mean position of the 
pointer on the scale as the beam swings from side to side. 
Use the arrestment to stop the swinging of the balance when 
the pointer is near the mean position. Place the unknown 
mass on the left-hand pan, and place in the middle of the 
right-hand pan a wciglit estimated to be large enough to 
counterbalance th<^ load on the left. Release the beam and 
note whether the weight is too large or too small. Continue 
the process of weighing, passing from tlie larger to the smaller 
weights in regular order. Remember always to arrest the 
motion of the balance before adding or removing weights. 
When the pointer swings about the same mean position as at 
first, stop the motion by means of the arrestment, count the 
weights as they lie on the scale-pan, and record the result. 
Count the weights again as they are removed one at a time to 
their places in the box. Determine in this way the masses of 
two bodies A and B. Check the result by determining the 
mass of the two bodies together and seeing that this is the 
mam. of the two separate masses. 
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§ 2, Measurement of Length 

The measurement of length is jiossibly the simplest exercise 
required of a student of physics, and the use of scales of length 
is familiar to every one before commencing any precise scientific 
work at all. The accuracy required in various kinds of length 
measurement is, however, widely different, |ind we must con- 
sicler the methods of obtaining these various degrees of accuracy 
in typical cases. 

It should be noted here that in all measurements of length 
two observations must be made, one at each end of the length 
measured, and that therefore the possible error in the value of 
the length obtained is double the error of each observation. 

The accuracy of observations made with an ordinary scale is 
limited, because the dividing linejs have a finite thickness, and 
because the eye cannot estimate fractions of divisions to nearer than 
0‘1 mm. In any estimation of length made with an ordinary scale, 
therefore, the accuracy is not greater than about 0* 2 mm. If accuracy 
of a higher order than this 
is demanded, it is essential 
that apparatus should be 
used to assist the eye, and 
also that the divisions on 
the scale should be marked 
with fine regular lines. The 
error in using an ordinary 
scale may be even greater 
than 0-2 mm. if the scale is Pw. 2.~-Error due to Parallax, 

used ‘fiat,’ for an appreci¬ 
able parallax error ^ is then possible owing to the thickness of 
the scale (Fig. 2). 

The gradwited edge of the scale must always be placed in contact 

with the points whose distance 
apart is to l)e measured, the 
scale being stood on its side 
if necessary, as would, for 
example, be the case when 
measuring the distance be- 

Fia.8.-Oorr«ct Method of using scale. tween two marks on a sheet 

of paper (Fig.' 3). 

^ Parallax means an apparent change in the position of an object due to a 
change in the position of the observer (p, 229), 
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When it is not possihle to measure tlio size of an object by 
direct application of a rule, a pair of <livklers, or inside or outside 
callipers, may be eniploye<l. In some cases a beam compass is 
useful; this is a rigid bar provided witli two sliding pieces to which 
are fixed, at right angles to the bar, the points of the compass. 

PRINCIPLE OF THE VERNIER 

A very ingenious device for obtaining accuracy of a greater order 
than that obtainable by eye-estimation was invented by P. Vernier 
(1580-1637), and is known by his name. In this devic^e a small 
auxiliary scale is provided, which slides along the ordinary scale, 
the divisions of this vernier scale being either a little longer or 
a little shorter than the divisions of the ordinary scale. 

The great value of this device lies in its simplicity, and in the 
fact that it can be used to measure to any fraction of a division 
required, if the auxiliary scale is divided suitably. 

The form most generally used is that in which the vernier 
divisions are slightly shorter than true scale divisions, and therefore 
this type only will be described, though the principle underlying 
both forms is the same. 

The auxiliary scale is graduated from a division which may be 
called the zero of the vernier, this division being indicated by an 
arrow or some other distinguishing mark. The sc^le consists of 
n equal divisions on one side of the vernier zero, and in some cases 
it is continued one or two divisions on the otlier side of the zero. 
These n vernier divisions are exactly equal io n — \ scale divisions. 

n-\ 1 

Consequently one vernier division is equal to — or 1 — “ of a 

scale division. Thus, eaoh*vernier division is shorter than a 
scale division by \jn ots. scale division. This quantity Ijn of 
a scale division is called the Least Count of the vernier; as we shall 
see, the vernier can be used to measure to the nth part of a scale 
division. 

Suppose the vernier scale is moved along the main scale till the 
zero of the vernier is exactly opposite one of the divisions of the 
main scale, then the distance between the zero of the main scale 
and the zero of the vernier (which is the distance we want to find) is 
an exact number of scale divisions. The other vernier divisions 
will not exactly correspond with scale divisions, being respectively 
Ijn, 2In, 3/n, etc. of a scale division on the zero side of the consecu¬ 
tive scale divisions. Now suppose the vernier is moved a little 
further along the main scale until the zero of the vernier has moved 
through l/n of a scale division. It is clear that the first division of 
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the vernier will have moved till it is exactly in line with a certain 
division on the main scale. If the vernier is again moved so that 
the zero passes over of a scale division the second division of the 
vernier will be exactly in line with a division on the main scale. 
If the total movement of the zero of the vernier is 3/7^ of a scale 
division, the third division of the vernier is brought opposite a 
division on the main scale, and so on. In general, if the 
mth division of the vernier comes into line with one of the divisions 
of the main scale, it indicates that the zero of the vernier has moved 
through mjn of a scale division from the division immediately 
before it. 

In using a vernier scale, therefore, the least count must first 
be determined. The reading is then taken according to the 
following Rule: Read the scale division next before the zero 
of the vernier scale; find the number of the vernier 
division which is in line with a scale division, and add this 
number of nths of a scale division to the scale reading.— 
The result gives the distance from the zero of the main scale 
to the zero of the vernier scale. 

Consider the two following examples of the way in which a 
vernier should be examined and used: 

(1) A vernier scale has 10 divisions, the ordinary scale lx>ing a 
scale of millimetres, and the 10 vernier divisions are equal in 
length to 9 millimetres. • The vernier is placed with its zero 
between the divisions 26 and 27 mm. on the ordinary scale, and 
the 7th division along the vernier is (jxactly in line wdth a division 
along the mm. 4calb. The reading is i-cquired. 



25 3cm. 35 

Fj«. 4.—Voniior Scsale. 


0*1 mm., because 10 vernier divisions are equal to 9 scale divisions, 
and the scale divisions are millimetres. 
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The reading of tlie wctale division next heftn'e the venvier zero is 
26 nim. The 7th veriikjr division is in line with a scale division 
(and the vernier reads to lOths of scale divisions). Therefore the 
reading is 26*7 7/1 m. 

Ths se'ale division tvhielt is in line iritli the 7th vernier division 
Juts nothing at all to do rmth the 7'eading. 

(2) A circular scale is divided into angles of 1", and each 
degree is divided into three equal i)arts, so that the scale may be 
said to consist of la7ye divisions of 1“ each, and s7nall divisions 
each equal to 

A vernier eciile of 20 divisions moves over this, the 20 vernier 
divisions being equal to 19 s7?iall scale divisions. The zero of the 
vernier is between the largo divisions marktid 8° and O'", and is in 
the last section of this large division. Tlie coincidence between a 
vernier division and a scale division occurs at the 4th vernier 
division, and the angle reading is required. 



The vernier reads to twentieths of the small scale divisions. 
The reading must therefore, be made to the small scale division 
next before the zero of the vernier: in the example given this is 8f°. 

The vernier reading is 4, i.e. we must add to the scale reading 
an amount equal tfj of a small scale division. 

The reading thus will be 8|“ + of But is equal to 20', 
and therefore we can write the scale reading as S'" 40' and the 
vernier reading as 4', so that the full reading is 8" 44'. 

Thus the vernier and scale can 1)0 used to measure to one minute 
of arc, tlie scale being graduated to 20' divisions, and the vernier 
reading to ^\th of these small divisions, i.e, to 1'. 

The method of reading any type of vernier can be worked out 
in a similar way. 

An instrument called the Vernier Callipers is used for measur¬ 
ing the linear dimensions of bodies. It consists of a metal rnlg 
furnished with two jaws, A and B, projecting at right angles tq 
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tlio ni]o. Of these, one is fixed, whilst tlie otlier can slide backwards 
and forwards. On the rule is engraved scale divided into niilli- 
metres. The sliding jaw is also provided with a short scale V called 
a vernier. 

Expt. 2. Measurement of the Length of a Rod by 
Means of the Vernier Callipers. —If the instrument is 
adjusted correctly, the zero of the vernier will coincide with 
the zero of the millimetre scale, when the sliding jaw is l^rought 
into contact with the fixed one. If tliis is not the case, the 
instrument possesses a * zero error,’ which must be read and 
allowed for in making measurements. Determine the least 
count of the vei'iiier. 

To measure tlie length of an object, it is placed between the 
fixed and sliding jaws, and the latter is adjusted till it makes 



contact with one end of the object when the other is in contact 
with the fixed jaw. In dealing with small bodies it is con¬ 
venient to adjust the pressure till it is just sufficient to hold 
the object between the jaws. The reading on the millimetre 
scale, which is just before the zero of the vernier, is then taken. 

This reading is the distance between the zero of the vernier 
and the zero of the millimetre scale, and since these should 
coincide when the jaws are closed, it should be the distance 
I)etween the jaws, i.e, the length, of the object. 

In general, the zero of the vernier is not exactly opposite 
a division on the rule, and it is necessary to determine the 
value of the fraction of a millimetre. This is done by means 
of the vernier scale. Look along the vernier scale until a 
graduation is seen which is exactly in line with one of the 
marks on the millimetre scale. If the correspondence is at 
the third graduation of the vernier scale, and the least count 
is 0*1 mm., the fraction required is 0-3 mm. ; if it is at the 
fourth graduation the fraction is 0*4 mm., and so on. The 

B 2 
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reason for tin’s has already Been discussed (p. 20) : the actual 
distance iv<piired is obtained by taking the scale reading next 
before the zero of the vernier and adding to this the vernier 
reading as above described. 

Measuie carefully the lengths of two rods of glass or metal 
cut from a long uniform rod. Find the ratio of these two 
lengths. Weigh the two ro<ls on a balance, and find the ratio 
of the two weights. A.ssuming the original rod to be uniform, 
these ratios w’ill be tlie same. 

PRINCIPLE OF THE MICROMETER SCREW 

Another form of apparatus which enables determinations of 
length to be made with considerable accuracy is an accurately 
cut screw thread working in a close-fitting nut. 

In general, there is a eireular head of a large diameter fitted 
to the screw and moving past a scale fixed parallel to the axis. 
The head is subdivided into a definite number of ecpial divisions, 
so that the screw can be turned through fractions of a revolution 
and these fractions read on the micrometer head. 

In one comiilete revolution the point of the screw advances 
a distance equal to the pitch of the screw, this being the 
distance between mnilar points on consecutive 
turns of the thread. If, therefore, we turn 
the head of- the screw through miefmndrexlih 
if a ravaltifion ^ the point of the screw will 
advance by one hundredth of the pitch and so 
on; hence the screw point can be moved for¬ 
ward by minute known amounts, provided the 
pitch is known. I'he accuracy obtainable by 
the use of micrometer screws is limited only 
by the accuracy with which the screw is cut 
and fitted to the nut. Where extreme care 
has been taken, as in grinding the screw for 
the ruling of Diffraction Gratings, it is possible to set off small 
distances accurate to the hundred-thousandth part of a centimetre. 

It is worthy of note that, owing to wear between the screw and 
tlie nut, there may be an ajipreciable amount of slackness in the fit 
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of these. This causes wJiat is called back-laBh, i.e. if the scre/w 
lias beeu adjusU-d by turning it in one direction, and is then turned 
bach^ the head may txi rotat(‘xi tlirough an apj>reciable angk‘ before 
tlio screw begins to move along its axis. Error due to this may be 
avoided to a considerable extent by always turning the scrcAV in the 
mine direction wlien making tlie adjustment t(^ any ))arlicu]ar 

]>osition. Even this will not ])revent error if the screw thread has 
worn unevenly in ditfeniut j)arts, and a badly-worn scaew sliould 
therefore be ro]>la.ced by a new screw <ind 'nut if accura(;y is d(‘sired. 

The Micrometer Screw Gauge is an instrument for im^asuring 
the linear dimensions of small objects. It depends on the fact that 
when a perfect screw works 
in a fixed nut, the motion 
of translation of the screw 
is directly proportional to 
the amount of rotation 
that is given to it. By 
using a screw of fairly tine 
pitch, and by arranging for 
the measurement of sTiiall 
fractions of a turn, V(‘ry 
small distances can be measured with accuracy, as aln^ady described. 

For scientific work, a scn‘W the i)itch of wlii(;h is h min. or 
1 inni. is frequently used. In engineering work the pitch is 
frequently (nearly but not quite the same as h mm,, since 

a metre is nearly 40 inches). 



Expt. 3. Measurement of the Thickness of a Plate 
hy Means of a Micrometer Screw Gauge. — In using the 
micrometer screw gauge it is necessary to find first of all 
the pitch of the screw, that is, the distance through which 
it travels for one complete turn. The screw itself is con¬ 
cealed in the nut A, but if the divided head is screwed out 
a little way a scale will be found engraved on the nut, from 
which the pitch of the screw can ha found readily. Determine 
the length of each division of this scale by comparing it w'ith 
an inch or centimetre rule and notice how many complete 
turns of the screw are required to carry it from one division 
to the next. 

Notice next the number of divisions on the cylindrical 
divided head So, and determine the travel corresponding to 
rotation through one division. 

For example, if the pitch is ^ mm. and the head is divided 
into 100 parts, each division corresponds to a movement of 
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inm. or 0*005 mm., and two divisions correspond to 
y mm. or 0*01 mm. 

In the micrometer screw gauge there is an ^ anvil ’ or 
butting point P rigidly attached to the nut by means of a 
bent arm F. Both this butting point and the end of the screw 
(Q) are actually flat polished surfaces which should be square 
to the axis. When these surfaces P and Q are brought into 
contact by turning the head with a gentle pressure of the 
fingers, the zero of the scale on the divided head should corre¬ 
spond with the zero of the scale on the nut. If this is not the 
case, the instrument possesses a zero error which must be 
observed and allowed for. 

Care 7?mst he taken io avoid screwing the point of the screw 
against the butting point %vith jyressnre. This treatment would 
damage the threads and distort the frame of the instrument. 
In some instruments there is a ‘free wheeP device which 
allows the head to turn freely in the fingers when the pressure 
exceeds a definite limit. This arrangement tends to eliminate 
uncertainties in residing caused by differences in pressure. 

To measure the linear dimensions of an object, the screw is 
turned back until the body can be inserted between the point 
of the screw and the butting point. The point is then screwed 
forward till the object is held gently between the two, the 
pressure of the fingers on the head of the screw being as nearly 
as possible the same as that used in the first observation. It 
is convenient to make the adjustment by holding the smooth 
part Sj of the head, not using the milled ridge H at all. The 
screw is turned till the fingers slip on Sj when lightly gripping it. 

Take the reading of the gauge in this position and add or 
subtract the zero error as the case may require, i.e. subtract 
algebraically the zero reading from the reading obtained. 
Repeat the observations several times and take the mean of 
the results. 

Measure in this way the thickness of a metal plate, repeat¬ 
ing the observations at different points of the plate so as to 
obtain the mean thickness. Measure also the mean thickness 
of a second plate of the same metal having the same outline 
and, consequently, the same area. Find the ratio of these two 
thicknesses. Weigh the two plates, and find the ratio of the 
two weights. Assuming the plates to be uniform and of the 
same density, the ratio of the thicknesses will be the same as 
the ratio of the weights. 
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MICROMETER MICROSCOPE 

There are many optical methods of making accurate measure¬ 
ments of length, among them being the microscope with a 
Micrometer Eye-piece. A fine transparent scale is fixed near 
the focus of the eye-piece ; in some instruments a spider line 
can be moved across the scale by means of a micrometer screw to 
measure fractions of a division. The microscope is used to give 
a magnified image of the object to be measured (see p. 282). 
A real image is formed near the focus of the eye-piece and is 
compared with the fine scale placed there, the scale being seen 
at tlie same time as, and superposed on, the imago of the object 
viewed. A body of known size is then viewed with the micro- 
sco])e in order to find the magnification produced by the objective, 
and thus the size of the small object can V>e determined. It 
is essential that the adjustment of the microscope should remain 
unaltered for the two observations. 

If, for example, the magnified image of the small object occupies 
52-4 micrometer divisions, and a millimetre scale seen througJi the 
microscope, when in the same adjustment, covers 40*3 micrometer 
divisions per mm., it is obvious that the small object is 1*300 mm. 
across. The chief use of the microscope with a micrometer eye-piece 
is, however, for accurately comparing small distances, not for their 
actual determination in mm. or cm. It is largely used in some 
forms of investigation, for observing and meawsuring the minute 
motions of the gold leaf of an electroscope. 

TRAVELLING MICROSCOPE 

In the Travelllngr Mieroseope or Vernier Microscope a com¬ 
pound microscope is mounted so that it may be moved in a 
direction at right angles to its axis by means of a screw or a 
rack and pinion. The distance through which the microscope is 
moved can be read on a fixed scale with the aid of a vernier that 
moves with the microscope. In the instrument illustrated in 
Fig. 9 the microscope has both a vertical and a horizontal 
traverse. It has also an angular motion so that it may be used 
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with tlic axis vertical or horizontal, or inclined to the horizontal 
at any angle. The eye-piece should bo provided with cross-wdres, 
and in focussing on any object the intersection of the cross¬ 
wires should be brought into coincidence with the point of the 
object to be obsserved. To measure the distance between two 
points the microscope is focussed first on one and then on the 



Fio, 0.—Travelling Microscoije. 


other. It is necessary that the lino joining the points should 
bo parallel to the direction of traverse of the microscope. The 
difference between the readings in the two cases gives the distance 
required. Examples of this method will be found in Expts. 77 
and 78. 

The comparison of two lengths may bo carried out by a 
substitution method using two vernier microscopes, 

Expt. 4. Comparison of the Yard and the Metre.— 

Set up securely two vernier microscopes so that the line 
joining them may be parallel to the direction of travel of eiich 
microscope. Arrange supports for the two scales so as to 
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raise their engraved faces to the same height above tlie table, 
adjusting this lieight so that tlie divisions may be focussed by 
the microscoj>es. Focus one microscope on a division at one 
end of tlie yard scale, and the sec^ond microscope on a division 
near the other end. luring the centre of tlie cross-wires over 
the centre of the division in eac.h case. Note tlie distance in 
inches between the cross-wires of the microscopes. Now 
remove the yard scale and substitute tlie metre scale. If the 
preliminary adjustments were made correctly, the divisions on 
this S(;ale should come into focus at both ends. Move the 
scale until a division near one end exactly coincides with 
the centre of the cross-wires at that end ; tlnm the centre of 
the cross-wires at the other end will fall betw^emi twx) scale 
divisions. Move the mimoscope at this end by means of the 
slow adjustment foimirds the micros(‘op(' at the other end till 
the centre of the cross-wdres coincides with a scale division. 
Observe the distance through which it moves by means of the 
vernier and scale of the instrument, and note also the distance 
between the divisions of the metre scale. Then the number 
of inches in the first observation is eijual to the number of 
millimetres in the second plus the distance measured on tlni 
scale of the microscope. From this result may be calculated 
the length of the inch or of the yard in centimetres. 


§ 3. Measurement of Time 

Of all the measurements with which wo have to deal in 
elementary physics, that of Time is the most difficult. The 
scientific unit of time, the mean solar second, depends, as we 
have said, on the period of rotation of the earth on its axis. 
This j)criod is determined by astronomical observations. To 
obtain multiples or submultiples, we employ a mechanism—a 
clock or watch—designed on the assumption that the oscillations 
of some body—a pendulum or balance-wheel-*-are Isochronous, 
that is, of equal duration, and consequently mark equal intervals 
of time. This vibrating body is the essential part of the apparatus, 
the rest being merely an arrangement for counting the oscillations. 
No mechanism which is absolutely trustworthy and regular has 
yet been devised for the measurement of time. The clock rate 
can, however, be determined by astronomical methods. In 
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order to measure an interval of time, the period is observed 
iiy means of a clock or watch, and this period is then con*ected 
by the proper factor depending on the clock rate. 

In all but the most exact determinations it may be assumed 
that the time intervals given by a well-regulated clock or w^atch, 
keeping civil time, correspond accurately with mean solar time. 

Even if the clock or watch does keep correct time, there are 
unavoidable errors in time observations which are a direct 
consequence of the usual mechanism. In most cases the seconds- 
hand does not move uniformly but in a series of jerks, receiving 
an impulse each time the balance-wheel or pendulum passes 
through its position of rest. When therefore a stop-clock or 
stop-watch is started, there is a possible error equal to half 
the period of vibration, and a similar error exists when it is 
stopped again. 

Suppose, for example, that the watch ticks every one-fifth 
of a second, then if it is just approaching the position of rest 
when it is started, the seconds-hand will jump forward one-fifth 
of a second immediately the watch starts. Or again, if the 
watch is stopped just as it is about to tick, the final one-fifth 
of a second will not be recorded, whereas the slightest possible 
delay in stopping the watch would have recorded it. 

It will be seen, therefore, that stop-watch and stop-clock 
determinations of time intervals cannot be relied upon to closer 
than one ‘ tick ^ of the watch or clock, even if the clock rate 
is quite accurate. 

For accuracy of a given order it is therefore essential that 
the time observations shall be prolonged over a certain length 
of time determined by the duration of the ‘ticks’ and the accuracy 
required: accuracy of 1 in 1000 demands a period of more than 
three minutes if a watch ticking fifths of seconds is used, and 
so on. 


EYE AND EAR ESTIMATIONS 

If an ordinary clock or watch is used instead of a stop-watch 
the possible error is even greater, owing to the diflSculty of 
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estimating exactly the position of the moving seconds-hand. 
This may be got over to some extent by combining eye and ear 
observations, and as this method is used frequently in certain 
types of work, it will bo described here briefly. 

Suppose that observations arc toeing made on the motion of a 
2 >endiiluiii. In coinnienoing the time observations the observer 
starts counting ticks as the seconds-hand commences a fresh minute 
or passes some other convenient point. This counting is then 
continued by ear, the ei/e being turned to observe the pendulum. 
If the pendulum passes the middle of its swing between the 17th 
and 18th ticks, it is easy to work out the exact moment when this 
passage took ])laco, and hence the commencement of the set of svungs 
to be observed is known to the nearest tick of the watch. When 
the last vibration of tlie pendulum is completed, i.e. when the 
pendulum is moving through the middle of the last swing to be 
observed, the observer begins to count watch ticks again, and 
continues to do so until he can look at the watch face and observe 
the time corresponding to the ticks he is counting. An example 
will illustrate the method : 

Counting started at 2 h. 31 in. 0 s. 

Pendulum jiassed middle point at l7th tick after this. 

Counting started at completion of 100th complete vibration. 

Watch indicated 2 li. 32 ni. 20 s. at 31st count. 

Each watch tick = Jtli sec. 

.’. First swing conimeiiced at 2 h. 31 m. 3*4 s. and 100th swing was 
completed at 2 h. 32 m. 13*8 s. 

Hence 100 complete swings take 1 in. 10*4 secs., or the X'^^’i^d of one 
swing = 0*704 sec. 

The possible error is 0*2 sec. at each observation. 

The period = 0»704± 0*004 sec. 

It will be observed that even using x^recautions of this type and 
taking a large number of swings, the possible error is more than 
^ X>er cent in this case. As in most cases the time has to he 
squared, this error usually is doubled. With a slower-ticking 
watch the error is corresx>ondingly greater; an experienced observer, 
however, using a clock, or chronometer, ticking half-seconds is able 
to estimate to one-tenth of a second. 

It is also worthy of note that the percentage error dei)ends on 
the total time observed, and not on the number of oscillations 
taken, so that the same accuracy is obtainable with a smaller 
number of slow swings as with a large number of quick swings, 
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provided the times occupied by the swings observed ai e approximately 
equal. 

It is impossible accurately to estimate fractions of a 
vibration, and therefore the student must invariably And 
the time taken for a given number of swings, not the 
number of swings in a given time. 

NOTES ON ACCURATE WEIGHING 

Weighing by Oscillations. —The pointer of a balance moves over a scale 
which usually has 20 divisions. Imagine these to be numbered from the 
left-hand end, subdividing each division mentally into 10 j)arts, so that the 
central mark is called 100, and the mark at the right-hand end is 200. 

Wo must first determine the zero-point, or the position of rest of the beam 
when unloaded. To do this, the beam is allowed to swing freely without 
any load in the scale-pans. Five consecutive readings of the “turning- 
points” are taken: three of these will be successive njaximiim swings to 
one side, and the other tw'o will be the inaximiirn swings to the other side 
occurring between them. The mean of the three swings to one side is taken, 
and also the mean of the other two swings. The zero-point lies midway 
between the two means thus obtained. 

The object is placed in the left-hand pan, and weighed as already described 
(l)p. 16-18). The centigram rider is placed on the divided beam, and moved 
until when it is on one division the pointer is to the riglit of the zero-point, 
while when it is on the next division ttie pointer lies to the left of the zero- 
point. The resting-i>oint of the balance is determined for each of these 
positions ot the rider by taking five readings of the turning-points as in 
finding the zero. The weight of the body can then be found to a fraction of 
a milligram by the method of “ proportional parts.” 

A.S an example, suppose the resting-poiiits are ; 

Empty balance.312 

Loaded with 47*634 gm. .... 114 

Loaded with 47*635 gm. .... 98 

The last two give the sensibility of the balance, i.e. the deflection of the pointer for 
1 mgm. as 114-98 = 16 divisions. When the balance is loaded with 47*634 gm., tlie resting- 
point is 2 divisions from the zero-point. This difference corresponds to 2/16 = 0-125 nigm., 
and if this weight were added in the right-hand piin, the loaded balance would swing 
about the zero-point. 

The weight of the object is thus obtained as 47*6841(2) gm. 

To facilitate reading the positions of the turning-points, a low-power 
microscope is sometimes fitted to the front of the balance case. 

Weighing by Substitution. —Borda employed a method in which the 
body is counter-balanced as accurately as possible. It is tlien removed and 
replaced by standard weights. When the balance again swings about its 
zero position, the weights in the pan must evidently have the same mass as 
the body. 

Double Weighing. —In the method of Gauss, the body is first weighed in 
the left-hand pan, and then in the right-hand pan. If A and B denote the 
weights thus determined, the true weight W is given as W= \/aB* 

These two methods eliminate any error arising from inequality of the 
arms of the balance. 



CHAPTER III 


MEASUREMENT OF QUANTITIES IN DERIVED UNITS 

Of the quantities which are measured in ‘derived* units, 
among the simplest to measure arc areas, volumes, and densities. 

§ 1. Measurement of Area 

MEASUREMENTS OF AREAS BOUNDED BY STRAIGHT LINES 

The unit of area used in scientific work is the square centi¬ 
metre, ie. is the area of a square each side of which is 1 cm. 
long. 

For the measurement of areas bounded by straight lines the 
ordinary rules of mensuration are applied, the lengths required 
being measured by means of a scale. It is possible to subdivide 
any figure of this type into triangles, and the total area is found 
by adding together the areas of the individual triangles, the 
area of a triangle being half the product of the base and the 
perpendicular height. 

If the area of a sheet of metal with straight edges is required, 
vernier callipers (p. 22) may be used to obtain greater accuracy 
than is possible with an ordinary scale by eye estimation. 
Where convenient, part of the area may be subdivided into 
rectangular figures, and only the corners treated as triangles. 

Expt. 5. Measurement of the Area of a Eectilinear 
Figure. —Find, by measuring the base and the |)erpendieular 
height, the area of a triangle cut out of a thin metal sheet 
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The area is oiie-half the product of these quantities. Since 

each side in turn may he chosen 
as the haso, throe independent 
determinations can ho made. The 
three results should agree within 
the limits of experimentiil error. 
Take the mean of the three 
values as the area of the tri¬ 
angle. 

Determine also the area of 
other figures, such as a qiiadrh 
lateral, a pentagon and a liex- 
agon, by subdividing them into 
triangles as in Fig, 10. 

MEASUREMENT OF AREAS WITH CURVED BOUNDARIES 

In the case of certain figures with curved boundaries the 
relation between the area and the linear dimensions is known. 
Thus for a circle of radius r, the area is tt?-, while for an ellipse 
of semi-major axis a, and semi-minor axis h, the area is Trab. 

I. The method of subdividing the area into triangles and 
rectangles can be adopted even with irregular areas in order to 
obtain approximate values for the area. The accuracy depends 
on the degree of subdivision to a certain extent, but if carried 
too far, the total possible error due to minute errors in deter¬ 
mining the various small areas may more than discount the 
additional accuracy obtained 
by increased subdivision. 

This method is the basis 
of that used in surveying. 

II. If the figure is di awn 
on squared paper, the area 
can be found by counting 
the number of squares. It is 
clear that the accuracy ob¬ 
tained depends on the fineness 
of the ruling—the smaller the elementary squares, the more closely 
can the outline of the given figure be followed (Fig. 11). 



Fia. 11.—Measurement of Area. 



Fio. 10,—Pentagon divided into 
Triangles. 
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This method is a particular case of I., a small square being 
chosen as the unit by which the figure is built up. 

III. Areas can be determined with considerable accuracy by 
making use of the balance. The fig\ire is drawn on a sheet of 
cardboard or thin metal whose thickness should be as uniform 
as possible. The area is then cut out and weighed. From 
the same sheet is cut an area, of which the shape may con¬ 
veniently be a rectangle or a triangle, and its weight is found. 
The area in this case can be determined from the linear 
dimensions. The unknown area is then calculated by simple 
proportion, assuming that the first area is to the second as the 
weight of the first figure is to the weight of the second. 

Ex FT. 6 . Measurement of the Area of a Circle. —Draw 
a circle of convenient radius (5 to 10 cm.) and determine its 
area by each of the three methods I., II., and III., and deduce a 
value of TT in each case. ^ 

IV. The area can bo found by means of Simpson^s rules. 
These rules serve to determine approximately the area included 
between any regularly curving line and two ordinates drawn at 
the extremities of the curve perpendicular to some base line. 

Divide the base line into a number of equal parts, and 
draw the corresponding ordinates, dividing the area into a 
number of strips. 

First Rule.—Add together the halves of the extreme ordinates 
and the whole of the intermediate ordinates, and multiply the 
result by the common interval (the distance between consecutive 
ordinates). 

Second Rule. —Add together the extreme ordinates, twice 
the sum of all the odd ordinates (omitting the first and last) 
four times the sum of all the even ordinates, and multiply by 
one-third of the common interval. In this case the number of 
strips must be even. 

The first rule is easier to apply than the second, but is 
slightly less accurate. These rules are frequently employed by 
engineers in the measurement of indicator diagrams. 
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Expt. 7. Measurement of the Axea of a Semicircle.— 

Draw a sc'niicirclc of convotiieiit radius and detennino its area 
by the above rules. CV)mi>are the results with the area found 
by calculation. 

V. The area can be measured wdth a pianimeter. This 
method is of great importance to the engineer or surveyor, 
but is of a more advanced cliaracter than the methods so far 
consider^. p j , M ^ . 

THE FtANIfttETEIU 

A number of instruments have been devised for the direct 
determination of plane areas of any contour, the general name 
Planimeter being applied to instrinnents of this class. Of theseu 
probably the most elegant and simple is that due to Professor 
Amsler of Schaffhausen, and as this is the type in general use, 
we shall confine ourselves to describing the construction and the 
method of using this planimeter. 

The instrument (Fig. 12) consists of two rods OA and AB hinged 
together at A; the rod OA is fixed at the end O, so that A can move 



only in the path of a circle about O. At B is the tracing point, 
and the hinge at A is so arranged that the point B can move in any 
direction in the plane OAB, the motion being limited only by the 
lengths of the arms and the mechanical construction of the instrument. 
Somewhere along the arm AB is mounted a wheel C, whose axis is 
parallel to the arih AB, this wheel being usually on the side of A 
I'empte from B, although this is not necessary for the working of 
ilie instrument. This wheel is fitted with a circular or cylindrical 
soale D subdivided into 100 equal parts, and a vernier scale E fixed 
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to the frame enables the position of the wheel to be read to 
of a revolutit)!!. Wiiole revoiiilions are registered on a small revolu¬ 
tion counter connected to the wheel by a worm gearing. 

The instrument rests on the fixed centre O (Figs. 12 and 13), 
on the edge of the wiu‘el 0, and on the tracing point B. If the 
point B is moved, the wliole arm AB will move. Any motion of AB 
along its own direction will cause mere sliding of the wheel, no 
rotation being produced whatever. On the other hand, if AB 
moves perpendicular to its length, the wheel will roll a distance 


equal to the distance moved 
through by the arm AB per¬ 
pendicular to its own length. 
However AB moves, the 
component of its motion 
perpendicular to its length 
will bo registered by the 
rolling of the wheel, and 
therefore the distance 
rolled through by the 



Fio. 18.—Plan of Plaiiimeter. 


wheel due to any motion of AB, is the total distance 


through which AB has moved perpendicular to its own 


direction. 


From this distance it is possible to determine the area of the 
figure round wliich B has been taken. 

There is an important difference lx*tween the case where O is 
outside the figure round which B moves, and the case when O is 
included within this contour; and ^\e shall first consider the case 
when O is outside the area to be determined. 


Area not enclosing the Fixed Centre 

Consider the arm AB to move from the position to the 

position A 2 B 2 (Fig. 14). A would move along the circle about O 
from Aj to A^, and B might traverse the path B^lig- same 

position would have been reached if AB liad moved parallel to 
itself into the position A^Bg and then had rotated about Aj, into 
the final position AgB.,. 

If the peri>endicular distance l)etween A^B^ and A^Bg is a small 
amount 5s, and the angle between A^^s -A-gB^ is a small angle 
5</>, the area swept out by the arm AB in this mo tion wou ld be 
equal to 55s ^6^5^, where b ^ length of arm 

The actual area swept out, AjAgBgBj wilj|W0^a^^m 
small area B^B^Bg, which will be 5<^ are small, 

and hence we have that ir v, * ^ 
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Small area swept out by AB = hBs + 

Any motion of AB can be taken as the sum of a number of 



Fra. 14.—Elementaiy Area traced by Planimeter. 

elementary motions of this type, and therefore, in any motion of 
the arm AB, 

Total area swept out by AB — 

The symbol 2 here, and elsewhere, is used to denote the sum of 
a series of terms which are all of the same tyi)e. 

Suppose that the point B moves completely round an area not 
enclosing the fixed centre O. 

Let the extreme positions of the arm be AjBj and A^B^ (Big. 15), 
B circulating round the area in the positive direction, t.e, so that 
the area always lies on the right hand side of an observer moving 
round with the point B. 

In traversing the path BjEBg, the arm AB sweeps out an area 
AiA 2 B 2 EBi, while on the return journey via E, it sweeps out an 
area AJ^A^BoEB^. Thus, the net area swept out by the arm 
AB when B moves round the given contour, is the area 
enclosed by the contour. 

Thus Area 

or Area required =» biSs -p 

Now the arm AB returns to the same position as at first, when B 
goes completely round the area, and therefore w 0. 

Hence Area B^EBgF « bm « ^S, 

where S «total distance rolled through hy the wheeL 
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For areas not enclosing the fixed centre O, the area round 
w^hich the tracing ])oint is taken is equal to the distance through 





which the wheel rolls, multiplied the length of the arm from 
the hinge A to the tracing point B. 

Areas enclosing the Fixed Centre 0 

The Zjlero Circle. —Before considering the general case of any 
area enclosing the fixed centre, it is essential to consider the special 
case of the ‘zero circle.' If we clamp the two arms of the 
planimetor together in such a position that the plane of the wheel ; 
passes through the fixed centre, the point B ctin move only in a ' 
circle of radius OB alnuit O (Fig. 17, p. 42). 

If we cause B to trace out this circle, the wheel G will not roll 
any distance whatever, because it is moving jierpendicular to its own 
plane the whole time. Thus, when this circle is traced out by B, 
the reading of the wheel is unaltered or the registration of the 
wheel is zero, hence the term ‘zero' circle which is applied to this 
particular circle. 

liy placing the planimeter in this position (it is unnecessary to 
clamp it) the length OB can be measured, and bence the area of 
the zero circle can be determined. 

Gheueral Case of any Area enclosing the Fixed Centre.— 
Consider the area ABCDEF (Fig. 16) enclosing the fixed centre O, 
and let the dotted line indicate the zero circle. If we take the tracing 
pop^t from A to B along the curve, and then return to A along the 
zero circle, we shall have traced out the area AGBH in the positive 
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direction, and therefore the reading on the wheel will correspond 
with this area AGBII, since this does not include 0, 

Now this reading of the wheel was all registered during the 
motion from A to B along the curve, since there is no rolling of tlie 
wlieel when the tracing j)oint travels along the zero circle. Hence 
the area AGBH is registered by the wlieel while it is moving from 
A to B along the curve. 

If now we start at B and go round BKCL we shall have 
traversed the contour of the area BKCL in the negative direction, 

i.e. the wheel will have rolled 
hackivards a distance corre- 
s]>onding wdth the area 
BKCL. Again, the whole 
of this movement was re¬ 
corded while the tracing 
point was moving along 
BKC, and hence in moving 
along BKC, the area BKCL 
was recorded negatively. 

It is obvious from the 
foregoing that the wheel 
automatically reverses its 
direction of rotation as the 
tracing point crosses the 
zero circle, and therefore the 
zero circle need not be drawn. 
It is therefore apparent that when the tracing point is taken round 
an area which includes the hxed centre, the total distance 
rolled through by the wheel corresponds with the 
algebraic sum of the areas outside the zero circle. 

The area required is given by the area corresponding with the 
distance recorded by the wheel, plus the area of the zero circle; 
hence the zero circle must first be determined as described above. 

Great care must be used to notice in what direction the instru¬ 
ment is recording when using it with the centre inside the area to 
be measured, and of course the positive or negative sign prefixed as 
required ; the tracing point must always be caused to go round 
the contour in the positive direction. 

Expt. 8. Calibration of the Planimeter. —The first thing 
to be done in using a planimeter is to find out what area 
corresiX)nds with one whole revolution of the rolling wheeL 
This of course depends on the length of the tracing arm from 
the hinge to the tracing point, and also on the diameter of the 
wheeL 



Fia. 16 .—Area enclosing the Fixed Centre. 
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(i.) Determination of the Lengrth of the Tracing Arm. 
—Bet the hinge carrier until the index on it is in line with one 
of the lines on the side of the tracing arm—the line marked 
100 cm, Q is a convenient one, or if tlie planimeter gives inches 
it may be adjusted to the line marked 10 in. Q], We have now 
to find the length from the hinge to the tracing point. This is 
no easy matter, as usually the hinge is enclosed almost entirely 
by the hinge carrier and adjustments. The best way is to lay 
the instrument on its side on a sheet of squared paper, placing 
the tracing point on some definite line in the paper, and 
estimating to the nearest 0-1 mm. where the axis of the pivots 
lies. The tracing bar must be placed parallel to one side of the 
squared paper in order that the length may be obtained 
accurately. 

In some forms of planimeter two points are carried on the top 
of the tracing arm ; one of these is fixed near the end of the arm, 
and the other moves with the hinge carrier. They are so placed 
by the maker of the instrument that the distance between them is 
exactly equal to the distance between the tracing point and the 
axis of the hinge. Consequently this distance may be measured 
with a scale—a much simpler and more accurate observation than 
that already described. The distance thus obtained is the length 
h already referred to in the description of the instrument. 

(ii.) Determination of the Circumference of the 
Wheel.—The circumference of the tracing wheel is determined 
by measuring the diameter d with a micrometer screw gauge 
and multiplying by tt, care being taken to adjiivst the micrometer 
screw till it touches the wheel edge very lightly only, otherwise 
the edge of the wheel may be deformed and the* accuracy of 
the instrument destroyed. 

The product of the length of the arm h and the circumference 
of the wheel vd is the area corresponding with one revolution of 
the wheel when the instrument is iu this adjustment. 

This product will be found to coincide very nearly with the 
indication 100 cm. □ or 10 in. []]] on the side of the tracing arm 
to which the hinge carrier was adjusted. These graduations are 
made by the maker of the instrument, and are the areas correspond¬ 
ing with one revolution of the wheel with the instrument adjusted 
in this manner. It is obvious that the above methods for getting 
h and d are somewhat crude; the instrument maker has more 
accurate means of measuring these quantities, so that, unless the 
instrument is old, or has been handled severely and distorted, the 
values indicated on the tracing arm should be used. 
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Expt. 9. Determination of Small Areas with tlie 

Planimeter. —The area considered is small enough for the 
fixed centre O to be taken outside the figure. 

" (i.) Percentage Error with Planimeter.—Trace out a 

square of side 10 cm. and, having taken the tracing point round 
the contour, convert the reading of the planimeter into sq. cm.; 
express the diftereiice Iwtwecn this and 100 sq. cm. as a ]>er- 
centage of the total area. This gives the percentage error of 
observation with this form of instrument. 

(ii.) Area of a Circle with Planimeter.—Draw a circle 
of 10cm. radius and find its area by the planimeter; hence 
determine the value of tt. 

Expt. 10. Determination of the Area of the Zero Circle 
of the Planimeter —The use of the instrument ibr small 
areas, and the method of translating its indications being 
now tliorouglily understood, it is essential that the zero circle 
should be determined in order that large areas enclosing the 
fixed point may be measured. 

(L) Calculation of the Area of the Zero Circle.—Place 
the wheel on a piece of squared paper so that its point of 
contact with the i)aper is exactly on one corner of tlie squares, 
and its plane lies along one of the sides of the squares. 
Place the tracing point on one of the edgi^s, and the fixed 

centre on the edge in the 
plane of the wheel, pric-k- 
ing both points into the 
paper. 

The instrument is now 
fixed with the plane of 
the wheel passing through 
the fixed point, and there¬ 
fore, as described in the 
foregoing investigation, 
the distance between the 
fixed point and the tracing 
point is the radius of the 
zero circle. This distance can be measured, and hence the 
area of the zero circle found, or, since in Fig. 17 



we can write 




Area of Zero circle = 
and B need not be measured* 
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If the top of the tracing bar is examined, it will be found that 
there are various numbers marked on it at different points, each 
number being above one of the graduations on the side of the bar. 
Tlieso are tlie areas of the zero circles corres[)onding with the 
various positi^ms of the hinge carrier, and are usimliy expressed in 
revolutions of the wheel in that position ; e.g, if the index on the 
hinge carrier is set to the line marked 100 cm. Q, and the number 
on the top of tlie bar o])posite to this line is 20-731, this means 
that tlie zero circle has an area equivalent to 20-731 revolutions 
of the wh(^el, i.e, an area of 2073-1 sq. cm. 

ExpHiss the indicated zero circle area in sq. cm., and compare this 
with the area calculated from your observations, as described in the 
preceding paragraph. As before, the methods available to the 
instrument maker are j)robably inui‘h more accurate than the crude 
method described, and tlie indicated area should be used unless the 
instrument is obviously badly worn or distorted. 

(ii.) Experimental Determination of the Zero Circle 
Area. —Tlie zero circle area can be determined quite simply 
by the indications of the planimeter itself. Take some area 
(regular or irregular) of such a size that it can be contoured 
without difficulty with the fixed point outside ; a figure about 
20 cm. across is suitable for most instruments when set to the 
100 cm. I I graduation. 

Go round this area with the tracing point, having the fixed 
centre outside^ and write down the area as indicated by the 
planimeter : let this be A. 

Next })lace the fixed centre inside the area and go round 
the figure again. This must be done slowly, as the wheel 
revolves very rapidly, and may slip or jump from off the 
paper if care is not taken. Be careful to notice also that 
the reiiding is diminishing all the time, i,e. the area is giving a 
negative registration on the wheel: the area is of course being 
contoured in the positive direction. 

When this registration has been obtained, we may use the 
equation already proved for the case where the fixed centre is 
inside; 

Area A = registered area + zero circle area. 

In general, this equation would be used to find the area A, but 
we can apply it in this special case to find the zero circle area. 
W© have determined already the area A by means of the 
planimeter, using it with the fixed point outside, and we have just 
obtained the area^ registered with this point inside, so that the zero 
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circle area is equal to the algebraic difference of these two quantities, 
or, since one is negative, to their arithmetric sum. 

As an pxanq>le of this :— 

Fixed point outside 

First reading . • . 2-1.^9 revolutions. 

Second reading . . 5-71'i revolutions. 

Kegistration . »‘h574 revolutions. 

Area = 357-4 sq. cm. 

Fixed point inside 

First reading . . . (2) 5*781 revolutions. 

SiJcond reading . . . 8*633 revolutions. 

Kegistration . . . — 17*148 revolutions. 

Tlie registration was negative all the time, and the wheel 
counting whole revolutions of the rolling wheel passed through 
its zero twice, hence the (2) in front of the first reading. 

Thus 

,357*4 = ( - 1714*8) -f zero circle area, 
or Area of Zero circle == 2072*2 sq. cm. 

The indicated value was 2073*1 sq. cm. 

Find the area of the zero circle by these two methods, and 
compare their results with the area indicated on the top of 
the bar. 

Expt. 11. Determination of Large Areas with the 
Planimeter. —In this case the area is supposed to be so large 
that the fixed centre O must be taken inside it. 

Draw a large ellipse about 40 cm. x 70 cm., using a loop 
of thread and two pins, and find its area, using the planimeter. 

Show that the area is — times the area of the circumscribing 

rectangle, the sides of which are parallel to the major and 
minor axes of the ellipse. 

§ 2. Determination of Volume and Density 

The density of a substance is defined as the mass per unit 
volume or the mass of 1 c.c. (in the C.G.S, system). If M be 
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tho mass and V the volume, the density is given hy the quotient 
M/V; this will be expressed as gm. per c.c. if M is in gm. and 
V in c.c. 

Expt. 12. Determination of the Density of a Regular 
Solid by use of the Vernier Callipers. —Measure carefully 
the linear dimensions of a number of regular solids with the 
vernier callipers, reading to 0-1 mrn., deducting (algebraically) 
the * zero reading' of the callipers from each of the readings 
taken. 

Repeat each observation at least three times, and if possible 
at ditferent points of the object, and take the mean of the 
results, in getting the diameter of a cylinder it should be 
measured at each end, and in the middle as well, to correct for 
any ‘tixper.' At each place, two diameters at right angles to 
each other should be measured to correct for any eliipticity, 
the mean of these six observations being taken as the true 
diameter. 

Calculate from your observations the volume of the body, 
expressing the results in cubic centimetres. (F ormula3 for this 
are given on p. 651 for various regular shapes.) 

Find, by means of the balance, the mass of the body, and 
^culate its density. 

-^Expt. 13. Determination of the Density of a Regular 
Solid by means of a Micrometer Screw Gauge. —Determine 
the volume of a nurnlier of regular solids by measuring their 
linear dimensions with the micrometer screw gauge. 

Find the mass of each solid by weighing it on a balance, 
and calculate the density, i.e, the mass of unit volume, as in 
the preceding experiment. 


§ 3. The Spherometkr 

The Spherometep is an instrument used for measuring the 
radius of curvature of a spherical surface. In many cases—as, 
for example, when dealing with a lens—the surface is only a 
small portion of a sphere. In such a case the radius of curva¬ 
ture is the radius of the (imaginary) sphere of which tlie 
surface forms a part. 

The instrument (Fig. 18) consists of a small tabic supported by 
three legs. A, B, C, placed as nearly as possible at the corners of an 
equilateral triangle. Through the centre of the table passes a 
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screw of line pitch (usually 0*5 mm. or 1 mm.) forming a fourth 
leg O. The position of this leg can be read by means of a scale 



fixed at right angles to the table and a circular scale attached to 
the head of the screw. 

Expt. 14. Measxirement of the Thickness of a Plate by 
Means of the Spherometer. —In using a spherometer the first 
thing to be done is to determine the value of the graduations 
of the two scales, for all instruments are not graduated in the 
same way. Find out how far the screw advancres when the 
head is turned through one complete revolution. This distance 
will probably be 0*5 mm. or 1*0 ram. Notice next the number 
of divisions on the circular disk and determine how far the 
screw advances when the disk is turned through one division. 
For example, if the pitch of the screw is 0*5 mm. and there are 
fifty divisions on the graduated head, each division corresponds 
with a movement of 0*01 mm. of the point of the screw 
(see p. 24). 

When the zero on the graduated disk is opposite the zero 
on the linear scale, the point of the screw is supposed to be in 
the same plane as the three fixed feet. In general this is not 
exactly the case, and it is necessary therefore to determine the 
amount of ‘zero error ' of the instrument, or the ‘zero reading.’ 
To do this, place the spherometer on a plane surface such as 
an optically-worked glass plate. Turn the head of the instru¬ 
ment till the point of the screw just touches the surface. The 
exact position can be determined by touching one of the outside 
legs with the finger tip or a pencil, and observing if the 
instrument will rotate about the screw point. The screw 
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must bo turned until the instrument rotates when touched in 
this manner, but will no longer <lo so if the screw is raised 
the slightest degree. Repeat the observation several times 
and take the mean of the readings as the zero reading. This 
quantity must be subtracted algebraically from all subsequent 
readings. 

The tliickness of a 2 )late of glass can be measured as a 
preliminary experiment, by determining the zero reading on 
a jdane surface, and then finding the reading when the screw 
ix:>int is resting on tlie to]) of a small plate, while the other 
feet still stand on the 2 >lane surface. 

It is often convenient not to take any account of the 
vertical scahi excejjt to find the distance the point rises for 
one turn. Instead of the vertical scale reading, the number 
of whole turns of the divided head should bo counted, each 
turn being reckoned as 50 or 100 of the graduated head 
divisions as tlie. case may be, the travel of tlie i)oint being 
stated in terms of these. 

Example. —Zero reading is 23 divisions on the circular head. 

In order that the screw jioiiit should rest on the toj) of a 
small ])late, four whole turns and part of a fifth were made and 
the reading on the circular liead when correctly adjusted was 65. 

There were 100 divisions on the circular head, therefore the 
number of divisions turned tlirough 

= 4 whole turns + 65 — 23, 

=^442 divisions. 

The ijitcli of the screw is 0*5 mm., therefore each division is 
equivalent to mm. 

Thickness of ^date —0*221 cm, 

Expt. 15. Measurement of the Radius of Curvature 
of the Surface of a Lens or Mirror. —Place the sjdiero- 
meter with the fixed feet resting on the surface, and adjust 
the central foot till it just touches the surface. Read the 
circular scale. Replace the instrument on the plane surface 
and find how many whole turns have to be made to bring the 
central foot back to the plane of the other three feet. From 
this and the readings of the circular head in the two adjust¬ 
ments find, as above, the distance through which the screw 
was moved. Take the mean of several adjustments and let 
the height be k cm. 

We also require to know the distance between two fixed 
feet. Measure this carefully to 0*1 mm. with a millimetre 

c 
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scale for each side of the triangle and take the mean of the 
results: let it be a cm. 

Then the radius of curvature is given by the expression 


R= 




4 


JV.B. —I. Since K depends on the square of a, a small per¬ 
centage error in a means an error of twice this magnitude (per 
cent) in R. 

IL If h is in cm., a must be in cm., and the value of li will 
be found in cm, 

III. The term A/2 can often be neglected in comparison with 

ayeh. 

The results should be entered as follows: 


Beading on plane. 

22 divisions 
24 divisions 

23 divisions 
Mean 23 divisions 

Difference = 


Reading on lens. 
48 divisions 
47 divisions 
46 divisions 
Mean 47 divisions. 
24 divisions. 


The screw head was turned through two complete turns. 
A = 2 turns and 24 divisions = 0* 112 cm. 


Distance between feet. 

3*01 cm. 

3*03 cm. 

2-99 cm. 

Mean a = 3»01 cm. 


R 


(3.01)2 0.112 

6X0112'*' 2 

13.5 cm. 


It is useful to express the curvature of the surface in dioptrea, 
this being the unit of curvature employed by opticians. A surface 
whose radius of curvature is one metre has a curvature 
of one dioptre, and thus the curvature in dioptres is the 
reciprocal of the radius of curvature in metres. The 
curvature in the example given is 100/13*5 ■» 7*41 dioptres. 

Proof of the formula R = 

on 3 


In this formula a is the length of the side of the equilateral triangle 
formed by the three feet (Fig. 19). 

Let X denote OB, the radius of the circumscribing circle. 

Then, if OD be at right angles to BC, 


BD=r 


a 

2 * 


and 

for ABOD is one half of an equilateral trianglo. 
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Now 


or 


0B«=0D2+BD^ 

^ 4 “ 4 ^ 

4 " 4' 

*~3* 


To find the radius of curvature R, we consider a section of the s^icre hy 
a plane through its centre and through the line BO in Fig. 19. Thus we 



Fro. XQ.—Plau of Spherometer. 



obtain Fig. 20, in which only a portion of the circle of curvature is shown. 
If the diameter PQ meet this circle again in S (not shown in Fig, 20), 

QS = Qr=rR, 

OB = OB'= a; and OP 

We know that 

OSxOPrrOBxOB'. 

(2R-A.)^=jc2^ 

2RA=a^ + ^2, 

h 


Hence, 



CHAPTER lY 


DETERMINATION OF SPECIFIC GRAVITIES 


§ 1. Definition of Specific Gravity 

The specific grravlty, or relative density, of a substance is 
defined as the ratio of the weight of any volume of that 
substance to the weight of an equal volume of some standard 
substance. The standard substance usually chosen is water. 
For exact work it is necessary to specify the temperatures at 
which the measurements are made. Thus water is chosen at 
the temperature of 4° C., that is, at the point of maximum 
density. For ordinary purposes, sufficient accuracy is attained 
by making the measurements at the temperature of the room. 


§ 2. The Specific 
The Specific Gravity Bottle i 




Fra. 21.~*Speciflc Gravity Bottles. 

with the mark, any surplus liqui 


Gravity Bottle 

3 a bottle constructed so as to con¬ 
tain a definite volume of a liquid. 
In a common form the bottle is 
fitted with a ground-in stopper 
2 >ierced by a small hole. The 
bottle is filled completely^ and 
when the stop}>er is inserted the 
excess liquid escapes and can, be 
wiped away. 

A simpler and more accurate 
form has a narrow neck on 
which a mark, AB, is made. 
The bottle is filled so that the 
bottom of the meniscus is level 
! being removed by filter paper, 
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or by a small pipette. Tbe reason for the greater accuracy of this 
form of bottle is that the 8top]>er in the first case, being a finely 
tapered cone, can be wedged in farther sometimes than others, 
particularly if the bottle is slightly wanner than the stopper. 

Expt. 1G. Determination of the Specific Gravity of a 
Liquid by using the Specific Gravity Bottle. —The bottle 
must first be dried thoroughly, Attac^h a glass tube, narrow 
enough to enter the bottle, to the nozzle of the foot-bellows by 
means of rubber tubing, and blow air into the interior of the 
bottle. At the same time warm the bottle very gently by 
holding it above (not in) the flame of a spirit-lamp or Bunsen 
burner. Hold the bottle by the neck and keep it constantly 
rotating so as to prevent unequal heating, which would 1x3 
liable to crack the glass. 

When the bottle is dry and cold, place it on the left-hand 
pan of the balance and determine its weight correct to the 
nearest centigram. Let the weight be B gm. 

Then fill the bottle to the mark with water, being careful 
to avoid an error duo to parallax by holding the bottle with 
the mark on the same level as the eye. Weigh again and let 
the weight be W gnu 

The weight of water filling the bottle is therefore W - B 
gnu 

Record (1) the weight of the bottle, (2) the weight of the 
bottle and water, (3) the weight of water filling the bottle. 

Fill the bottle to tlie mark with the liquid the specific gravity 
of which is to be determined. 

Weigh the bottle full of liquid and let the weight he w gm. 
The weight of liquid filling the bottle is w; ~ B gm. 

Therefore the specific gravity of the liquid is 

- JB 

W-B' 

Record (1) the weight of the bottle, (2) the weight of the 
bottle and the liquid, (3) the weight of liquid filling the bottle, 
and lastly the specific gravity of the liquid. 


SPECIFIC GRAVITY OF A GRANULAR SOLID 

The method with the specific gravity bottle is applicable to solid 
substances that are heavier than water and insoluble in it. The 
specific gravity of sand or small shot may be found by this method 
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In the case of a substance like glass, the solid must be broken up 
into fragments small enough to go into the specific gravity bottle. 

If the substance is lighter than water, or is soluble in it, we can 
use some other liquid in the determination, but in this case a 
separate experiment is necessary to determine the specific gravity of 
the liquid employed. 

In determining the specific gravity of sand, it is not sufficient 
to fill the bottle with sand and proceed as though we were dealing 
with a liquid. By so doing we should find the specific gravity, 
not of sand, but of a mixture of sand and air; for a large amount 
of air is imprisoned between the sand grains. 

£xpt. 17. Determination of the Specific Gravity of a 
Granular Solid, by using the Specific Gravity Bottle.— 

First determine the weight, B, of the empty bottle, as in 
the previous experiment. 

Fill the bottle about one-third full with sand, being careful 
to use dry sand in a dry bottle. Weigh the bottle and sand 
and let the weight be Wj gm. 

The weight of sand alone is ~ B gm. Fill up the 
space above the sand and between the grains with water, 
shaking the bottle round and round to get rid of air bubbles 
from among the sand. If great accuracy is required, the air 
must be removed by connecting the neck of the bottle with 
a vacuum pump by rubber tubing. Adjust the level of the 
water to the mark. Let the weight now be Wg gm. Then 
the weight of water added is Wg - Wj gm. 

Empty the bottle; fill it to the mark with water, and 
weigh again. Let the weight be W gm. Then the weight of 
water required to fill the bottle to the mark is W — B gm. The 
difference between these two quantities of water (viz. W - B 
and Wo — Wj gm.) represents the quantity of water required 
to fill the space occupied by the sand. Calculate this quantity 
and record the result. 

Now the specific gravity of sand 

_ Weight of sand _ 

Weight of equal volume of water ^ 

_ Weight of sand __ 

Quantity of water required to fill the 
space occupied by the sand 

Calculate the specific gravity of sand and record the result 
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§ 3. The Hydrostatic Balance 

FORCES BETWEEN BODIES IN CONTACT 

When two bodies are in contact, the action and reaction 
constitute a pair of forces which, in accordance with Newton’s 
Third Law, are equal and opposite. 

If the force be at right angles to the surface of contact of 
the two bodies, it is called a thrust. A thrust is measured in 
dynes or in gm.-weight. 

In any actual case the bodies must be in contact over a 
finite area. We speak of the pressure between two bodies in 
contact, when considering the forces as distributed over the 
surfaces in contact. 

The pressure at a point is found by dividing the thrust on 
an element of area round that point by the number of units of 
area in the element. Pressure is measured in dynes per 
square centimetre* 

When one of the substances in question is a fluid and the 
other a solid, the resultant force due to the fluid pressures on 
the solid can be determined in a simple way by a principle which 
we shall now consider. 

PRINCIPLE OF ARCHIMEDES 

The Principle of Archimedes is usually stated as follows 
When a body is immersed in a fluid, its weight is apparently 
diminished by the weight of the fluid displaced. A simpler 
and more direct statement of the principle is : When a body 
is wholly or partially immersed in a fluid at rest» it ex> 
periences an upward thrust equal to the weight of the fluid 
displaced. 

The truth of this principle may bo anticipated theoretically 
on certain assumptions as to the action of fluid pressure, or by 
a simple type of experiment it may be verified practically. 

If we consider the equilibrium of any portion of a fluid at 
rest, it is obvious that this portion must be supported by the 
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fluid surrounding it, otherwise its weight would cause it to sink. 
It is also obvious that this supporting force must bo exactly 
equal to the weight of the portion considered. 

The support is given by jiressures exerted by the surrounding 
fluid (indicated by the small arrows in Fig. 22), the resultant 
of which is equal to the weight of the 
portion considered but acts vertically uj)- 
wards. The resultant supporting force may 
be termed the upthrust. 

If now a portion of the fluid be imagined 
removed, and a solid of exactly the same 
shape be put in its place, the surrounding 
fluid will still exert the same pressures as 
before; therefore the solid will be suj>- 
ported with a force equal to that which was 
Fig. 22.—Principle of exertcd Oil thc fluid which has been dis- 

Archirnecles. 

But this su])porting force is equal to the weight of the dis¬ 
placed fluid, therefore the solid will be supported by a force— 
the upthrust — equal to the weight of the fluid it has 
displaced, and its weight will apparently be diminished by this 
amount. 

Expt. 18. Experimental Verification of the Principle of 
Archimedes. —For the experiineiital demonstration 
of the truth of this principle two cylinders are 
used, one solid and the other hollow, the latter 
being made just large enough to allow the solid 
cylinder to be placed inside it. 

The cylinders are provided with hooks so that 
the solid cylinder (A) may be suspended under¬ 
neath that which is hollow (B): Fig. 23 gives a 
sectional view of B with A partly withdrawn. 

A is suspended Ixdow B, and both are hui:g 
from the beam of a balance; in the hydrostatic Hollow 

balances generally used, they are hung beneath 
the short pan as shown on the left in Fig. 24, 
a short piece of thread or very fine brass wire being used to 
let A swing well clear of B. 
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A and B should then he counterpoised V>y weights placed in 
the other pan. If now a vessel of water is placed beneath A 
and raised ((jr A lowered) until A is iininersed completely, it 
will he seen that the beam is no longer horizontal, the counter' 
poising weights being too great, 

Equilibriiiin is ixistonai comjdetely, however, if Bis filled to 
the brim with water, tlius showing that the weight lost when 
A is immersed, is just made up by adding a quantity of winter 
equal in volume to A, ?> when A is immersed in loaier^ 
it loses a weight e(£ual to the weight of its own volume of 
water. 



Fia. 24.—Verilication of the Principle of Archimedes, 


Remove the water from B and add weights in the small 
scale-pan until balance is restored again. Evidently the w^eight 
thus added is equal to the weight of water which fills B, or to 
the weight of water displaced by A. 

Repeat the whole exi>eriment, using methylated spirit, 
paraffin oil, or any other liquid convenient. Note that 
after immersing A equilibrium is restored, when B is filled 
with the same kind of liquid as that in which A is immersed, 
thus verifying the Principle of Archimedes. 

It is important to note that the apparent loss of weight is not 
the same in the various cases. This must l)C so since the upthrusts 

C2 
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are the weights of equal volumes of different liquids. If one of the 
liquids is water, we can at once deduce the specific gravity of any of 
the other liquids, for 

c .n Weight of any volume of liquid 

Specific gravity = ^ 3— _ 

Weight of an equal volume of water 

_ Upthrust due to liquid 
Upthrust due to water 

APPLICATIONS OF THE PRINCIPLE OF ARCHIMEDES 

The Principle of Archimedes affords a moat important method of 
determining the specific gravities of both solids and liquids. When 
a solid is completely immersed in a liquid, the upthrust on the solid 
is equal to the weight of a quantity of liquid which has the same 
volume as the solid. Hence by comparing the weight of the solid 
with the upthrust, we can corni)are the specific gravity of the solid 
with that of the liquid, for the volumes considered are the same in 
each case. 

In particular, if we find the ujjthrust on a solid of known 
weight comj)letely immersed in water, we know the weight of water 
having a volume equal to that of the solid, and can at once deduce 
the sjiecific gravity of the solid. 

Expt. 19. Determination of Specific Gravities, using the 
Principle of Archimedes. —The s})ecific gravity of a solid or of 
a liquid may be determined with the hydrostatic balance. 

(a) Specific Q-ravity of a Solid (insoluble in water).— 
Susj)end the solid by a fine thread or wire from the short pan 
of a hydrostatic balance, or from the hook carrying the pan of 
an ordinary balance. Counterpoise the body when hanging 
freely in air, and again when immersed in water, supporting 
the beaker of water on a specific gravity stool if an ordinary 
balance is used. Hence determine the upthrust, and calculate 
the specific gravity, which is the ratio of the weight of the 
body in aii to the ui)thnist. 

(/j) Specific Gravity of a Liquid.—Weigh a solid in air 
and in water as described in (a), and find the upthrust due to 
the water. Then weigh the solid in the liquid whose specific 
gravity is required, and find the upthrust due to the liquid. 
Since the volume considered is the same in each case, the 
specific gravity of the liquid is the ratio of the upthrust 
due tc the liquid to the u[)thrust due to water. 

(c) Specific Gravity of a Solid (soluble In water).— 
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Choose some liquid in wliicli the solid is insolnhlr. Determine 
the specific gravity s of the liquid by method {/>), using another 
solid (such as glass) which is insoluble both in water and in the 
liquid, ^"eigh the solid in air and in the liquid, and find the 
upthrust due to the liquid. This is the weight of liquid having 
the same volume as the solid. To find the weight of an equal 
volume of water we must divide this by s. The specific 
gravity of the solid cfin then be deduced. 

(d) Specific Gravity of a Solid lees dense than 
Water.—Weigh the body (say wax) in air. 

As the body is less dense than water it would float on the 
surface of water. In order to find the upthrust when the body 
is completely immersed in water, we employ a ‘sinker,’ i.e, a 
piece of metal of high specific gravity, sufficiently large to sink 
the wax. 

First find the weight of the metal sinker alone in water. 
By adding these two results w’e find the weight of the 
wax in air and the sinker in water. Then attach the wax 
to the sinker and find the weight of the wax and sinker 
together, when both are in water. The difference between 
this result and the former is due to the upthrust on the waXy 
for the sinker was in water on each occasion. Knowing the 
weight of the wax in air, and the upthrust on the w^ax when 
it is immersed in w^ater, we can at once deduce the specific 
gravity of the wax. 

The following example illustrates the method of working out and 
reconiing the observations ;— 

= 3-235 gm. 

= 6*925 gni. 

= 10*160 gm. 

= 6*310 gm, 

= 10*160-6-310 gm. 

= 3*850 gm. 

= 3*850 gm. 

3*235 


Weight of wax in air 
Weight of brass sinker in water 
By addition we obtain—- 
Weight of wax in air and sinker in water 
Weight of wax in water and sinker in water 
Upthrust on wax in w^ater 

Weight of an equal volume of water 

o ^ ^ Wt. of wax in air 

S.u. of WaX = ;rrT-- - - , - --- 

>V t. of equal vol. of water 


The Principle of Archimedes may be applied conveniently in 
other experimental determinations; some typical applications 
will now be given. 
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Expt. 20, Determination of Volume by the Hydrostatic 
Balance. —Suspend the body by incuns of a fine wire or thread 
from one arm of the balance and find its weight in air. Let 
this be AY. 

Then find the weight of the body when it is com 2 )letely 
immersed in water, j^et this weight be W^. 

The difference betw^een W and is due to the upthrust of 
the fluid on the body. By the Principle of Archimedes this is 
e(]ual to the weiglit of the fluid displaced by the body, that is, if 
AY and AY^ are in grams weight, 

AY-AYi = VD, 

where V denotes the volume of the body and JA the density (mass 
per unit volume) of the fluid. 

In the C.G.S. system of units the mass of 1 c.c, of water is 
1 gram, so that D is unity. In this Avay the volume is determined 
in cubic centimetres. If any other liquid of known density were 
used, the volume of the immersed solid could be obtained equally 
Bimjjly since 


Expt. 21. Determination of the Thickness of a Plate.— 

If the body is a flat jdate of area A and mean thickness t, we 
have V = A^, and therefore t ~ V/A. 

Weigh a jflate in air and in water and thus find V. Measure 
the length and breadth of the assuming it to be 

rectangular, and determine A. 

Calculate the mean thickness of the plate, and confirm the 
result by measurements with the micrometer screw. As the 
thickness may not be uniform, measurements should be made 
at several different points and the mean found. 

Expt. 22. Determination of the Diameter of a Wire.— 

If the mean diameter is d, the area of cross section is 7rd*/4. 

If the length of the wire is the volume is 




OH. rv 


DETERMINATIOIT OF SPECIFIC GRAVITIES 


69 


Weigli a known length I of wire in air and in water, and thus 
determine itsi volume V. 

. Calculate the mean diameter of the wire, and confirm the 
result hy measurements with the micrometer screw, 

Expt, 23. Determination of the Length of a tangled Piece 
of Wire, —Weigh tlni wire in air and in water. Calculate its 
volume from the result; measure the diamettn- of the wire with 
a micrometer screw, and hence calculate its length L 

§ 4. Hydrometers 

The Common Hydrometer is an instrument for determining 
the specific gravity of a liquid by a flotation method. It con¬ 
sists of a weighted bull) provided with a vertical stem. When 
placed in a liquid of suitable density, the hydrometer floats with 
part of the stem above the surface, the condition of equilibrium 
being that the weight of the instrument should equal the weight 
of liquid displaced. The stem is graduated so as to indicate the 
specific gravity of the liquid. 

This is a simple method of determining rapidly the specific 
gravity of a liquid, when only approximate results are required. 
Owing to the effects of surface tension, many precautions must 
be taken if accurate results are required. 

NICHOLSON’S HYDROMETER 

Nicholson’s Hydrometer consists of a cylindrical float, prefer¬ 
ably with conical ends (Fig, 25). Above this rises a stiff brass 
stem carrying a small scale-pan (A), while underneath the float is 
fixed a small basket (B). The basket is usually loaded with 
lead so that the instrument floats vertically, wdth part of the 
upper cone projecting out of the water. A perforated cap is 
sometimes fitted so that the basket can be covered over at will. 

x-<Expt, 24. Determination of the Specific Gravity of a 
Solid by using Nicholson’s Hydrometer. —In using the instru¬ 
ment it is floated in water, and weights are }>laced on the scale- 
pan A, the weights being adjusted until the hydrometer is 
immersed as far as the mark filed on the upper brass stem. 
It is advisable to place a slotted sheet of metal across the 
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top of tho jar or cylinder containing the water, the stem sup- 
porting the sca]e- 2 >an Ixiing in the slot, which should be wide 
enough for tlie stem to move quite freely uj) and down. This 

sheet of metal prevents 
the hydrometer from 
sinking into the water 
F heavily loaded, 

!' I scale qjan and 

I I'll I III weights (^ee Care 

I l! liydrometer fi om com- 

I I ing into contact with 

I ^ ii |i ,1 tho sides of the jar. 

to sink the liydrometer 
Wq Wj Wa to the mark having 

Pio. 25.—Nicholson’s Hydrometer. been determined (say 

Wy gms.), the solid of 
wdiich the specific gravity is required is jjlaced on the sc^le-pan 
and the weight fiow required to sink tlie hydrometer to the 

mark is determined. Let this be Wj; tlien the weight of the 

body in air is Wq - Wj. 

The body is now placed in the basket B, and the hydrometer 
is sunk again to the mark by jdacing weights Wg in the pan A. 

The difference between the last two cases is duo simjily to the 
body being in air in the one determination, and in water in the 
other; that is, the difference is due to the upthrust of the water on 
the body. Hence 

W 2 — Wj — the uptlirust, 

= weight of water having a volume 
equal to that of the wax. 

And S G — weight in air 

weight of this equal volume of water’ 


Determine the specific gravity of each of two bodies, one mors 
dense, the other less dense than water. In the second case it will 
be necessary to tie tho body into the basket if no cover is used, 
otherwise it will float to the toji of the liquid. 

It 18 important to see tJuit no air bubbles are entangled with the, 
hydrometer in all these experiments. 
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The determinatioTis of specific gravity made with this form of 
apparatus are not nearly so accurate as those obtained by the 
methods already described, considerable errors being introduced l>y 
forces due to surface tension acting I'ound the stem wlau’e it leaves 
the liquid; to minimise this action the stem should be as thin as 
possible. 

*^^xrT. 25. Determination of the Specific Gravity of a 
Liquid by using Nicholson’s Hydrometer.—Weigh the hydro¬ 
meter dry, and let its weight be W. 

Float the hydrometer in water, and determine what weight 
must be added to sink it to the mark : let this be W^. 

Thoroughly wipe the hydrometer, then float it in the liquid 
the specific gravity of which is required, and find the weight 
needed to sink it to the mark: let this be W^. 

Then W -t Wq is the weight of water displaced when the 
hydrometer is sunk to the mark, and W -f Wj is the weight of 
the corresponding volume of liquid. 

Thus : 

. W -f W 

Specific gravity of liquid — .^-— 

W + Wq 

§ 5. Determination of Specific Gravities of Liquids 
BY Columns exerting Equal 1'ressurks 

The pressure exerted by a column of liquid is independent 
of the shape of the containing vessel, if any efl'ect due to surface 
tension be neglected; the pressure then depends solely on the 
vertical height of the column and its density. 

The pressure in dynes per sq. cm., exerted by a column of 
liquid of height h cm. and density D gm. per c.c., is equal to ADy, 
g being the acceleration due to gravity. 

Thus, if two columns of different liquids exert equal pressures, 
the relation between their heights and densities can he expressed 
as Aj Dj = Ag Dg, when A^ and Ag are the heights, and D^ and Dg the 
corresponding densities of the two columns of liquid respectively. 
Hence Dj/Dg*® A^/A^. If the second liquid he water, the ratio of 
the densities is the specific gravity ; for Dg is then the density of 
water. Thus, the specific gravity of the liquid = hjh.^ w^here A^ 
is the height of a liquid column which exerts the same pressure 
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as a column of water cm. liigli. This ])roperty may be used 
for the determination of the specific gravity of a liquid in the 
following manner. 


Exi>T. 26. Determination of the Specific Gravity of a 
Liquid by the U-tube Method. —Jf two liquids do not mix, 
tlieir specific gravities may be com¬ 
pared by balancing two columns, one 
of each liquid, in the sides of a 
U-tube, the heights of the columns 
being measured vertically from the 
^Turpentine level of the surface of contact C, to 
the free surfaces A and B (Fig. 26), 
If the liquids to l^e compared would 
mix together, they must be separated 
by some other liquid with wluch 
neither mixes, such as oil or mercury, 
placed in tlie bend of the U. In this 
CJise the quantity of the liquid used 
ill each tube must be adjusted until 
the level of the intervening liquid is the same in each of the 
side tubes. 

The heights of the columns are measured from the top of the 
intervening liquid to the free surfaces. The ratio of the specific 
gravities of the liquids is the inverse ratio of the heights of the 
columns. 



Pio. 26. 


The U-tube method just descril>ed has several disadvantages. 
The adjustment of the two surfaces of the intervening liquid to the 
same level demands the use of a ‘ spirit level * if any accuracy is to 
be obtained, and as this has to bo used outaide the tube, the accuracy 
even then is not very great. If the intervening Ihjuid is mercury, 
a slight error in this adjustment leads to considerable errors in 
the results obtained, on account of the high density of mercury. In 
addition to this difficulty, there is also an actual error due to capil¬ 
larity, the surface tension of the intervening liquid being diflferent 
on the two sides, because its surfaces are in contact with different 
liquids. 

These objections are, however, got over completely in a simple 
form of api>aratus known as Hare’s Apparatus. 

Expt. 27. Detenaination of tbe Specific Gravity of a 
Liquid by means of Hare*s Apparatus. —In this apparatus 
the u-tube is inverted, the open ends of the U dipping, 
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one into water, the other into the liquid whose specific gravity 
is to be found. Ju the bend of tlie U is fitted a branch 
tube, and by means of this a little air is withdrawn from the 
bend of the U so tliat a column of each liquid rises up the 
corresponding side of the tube. 

These columns communicate 
with the Siime air space at their 
top surfaces, wiiile the free sur¬ 
faces of the li(|uids outside the 
tubes are both open to tln^ at- 
mosjdiere. Hence the column 
in each tube adjusts its height 
until the column above the level 
of the ouUUle liquid exerts 
a luessure eipial to the diher- 
ence between the external and 
internal pressures. 

Measure the lieights of the 
two columns above the corre¬ 
sponding external surfaces of the 
licpiids, for several ditferent 
adjustments of the internal 
pressure. 

Show that the ratio of the 
heights is the same in each case. 

Tabulate the observations so as to sliow in parallel columns 
of the table, the corresponding heights of the liquids in the 
tuT>es, and the ratios of these heights, using the height of the 
water column as numerator in each case. The specific gravity 
of the liquid used is the mean value of this ratio, since the 
densities of the liquids are inversely proportional to the 
heights. 

In a narrow tube the height of the liquid column is appreciably 
affected by ca[)illarity. Consequently the internal diameter of 
the U tube should not be less than 5 mm. The errors intro¬ 
duced by capillarity may, however, be eliminated by treating 
the observations in the following manner. If h^ and h^^ h\ 
and A'.,, are corresponding pairs of readings for two different 
internal pressures, the specific gravity is equal to 

since the capillary elevation or depression is constant 
in each limb provided the tubes are of uniform bore (p. 191). 
The same result can be obtained by plotting against and 
obtaining the required fraction from the gradient of the graph. 
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STATICS 

§ 1, Composition of Vectors 

Phtfsical quantities can be divided into two groups, Sealars and 
Vectors, 

A Vector quantity differs from a Scalar quantity in that it 
possesses direction as well as magnitude; a Scalar quantity 
has magnitude only, A vector quantity can be represented 
by a straight line of a definite length drawn in a definite 
direction. Two scalar quantities of the same kind are added 
together by simple caddition. Two vector quantities of the same 
kind cannot, in general, bd added in this way, but must be 
* compounded * by means of the Parallelogram Law. By the 
Resultant of two vectors we understand the single vector which 
would produce the same effect as the two vectors considered. 

The Principle of the Parallelogram of Vectors may be 
stated as follows :— 

If two vectors be represented in magnitude and direction 
by the two adjacent sides of a parallelogram, the Resultant 
of those two vectors is represented in magnitude and direction 
by the diagonal of the parallelogram drawn through the point 
where those sides meet. This principle applies to all vectors, 
such as displacement, velocity, acceleration, force, etc. In the 
following discussion, tiio word force will generally be used, but 
it should be understood that wherever force is printed, the 
word vector could be read, or any particular type of vector, such 
as displacement or velocity. 
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In the case of forces, any unbalanced force acting on a body 
will cause it to move. Hence we have a simple method of 
detecting whether the forces acting on a body balance each other 
or not: if the body is at rest, the forces acting on the body 
constitute a balanced system. We may state the following 
proposition : When a body is under the action of two forces 
which are equal and opposite, the body is in equilibrium. 

Suppose three forces are acting on a small body at O and the 
body is at rest under their united action 

(Fig. 28). 

Kepresent the throe forces by lines 
drawn from O, drawing the lines along 
the directions of the forces, and of 
lengths proportional to their respective 
magnitudes: let A, B, and C be these 
lines. By the above proposition, the 
body O would be at rest if we removed 
A and B and replaced them by a single 
force D (shown dotted in Fig. 28) 
which is equal and opi)osite to C, ie, 
the action of A and B together is equi¬ 
valent to that of a single force D equal 
and opposite to C. This imaginary 
force D is the Resultant of A and B; 

C, the force which keeps O at rest when A and B are acting 
also, is called the Equiiibrant of A and B. 

It is evident that the equiiibrant and the resultant are equal 
and opposite forces. 

Method of proving the Principle of the Parallelogram of 
Forces. —The principle of the pamllelogram of forces states that if 
a i>arallelogram be constructed with the lines representing forces A 
and B as adjacent sides, the resultant of those two forces will he 
represented in magnitude and direction by the diagonal of that 
parallelogram drawn from O. 

If this diagonal represents the resultant of A and B, it must be 
equal and opposite to the line representing C since the forces D and 
C are equal and opposite. If, therefore, the diagonal of this parallelo- 



Fio, 28.—Three Forces in 
Uquilihriuui. 
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gram is found to be equal and opposite to the line re})rcsenting C, 
the principle of the ])arallelogram of forces is demonstrated. 

Method of proving the Principle of the Triangle of Forces.— 
The construction of the complete ])arallelogram is not necessary 

to determine the magnitude 
^ ^ of the resultant D. If we 

\ draw oh representing B in 

1 \ \ magnitude and direction, and 

1 from h draw he parallel to A 

pi and of length proportional to 

I \ \ A, we have now drawn on(‘- 

[ half the parallelogram, eloin- 

I ^ gives UK the 

B diagonal representing D with- 

" Pio. 29.-TriangIc of Forces. O’!* construction ; thus 

by means of a triangle the 

required resultant can be obtained. 

The principle of the triangle of forces is more usually 
expressed in the following way: If three forces having magni¬ 
tudes proportional to the lengths of, and directions parallel 
to, the sides of a triangle, act on a body, the body will be 
at rest under their action, provided that the arrows 
indicating their directions are in cyclic order round the 
triangle. 


Consider the triangle ohc; the arrow indicating the direction of 
action of the force A in the side 6c is in the same cyclic order as 
that indicating the direction of action of B. The resultant is 
represented by the line completing the triangle with its arrow 
opposite to this cyclic order. 

Now the same line ov. which represents the resultant of A and B 
will represent the force C if the arrow is })ointed towards o. Under 
the action of these three forces A, B and C the body is at rest. 

This principle is proved by the experimental verification of the 
Principle of the Parallelogram of Forces. 


The principle just discussed can readily be extended to the 
case of any number of forces acting on a small body. This 
general principle, known as the Principle of the Polygon of 
Vectors, is stated as follows : If a number of forces A, B, C, D, £ 
acting on a body keep the body at rest, the lines representing 
them in magnitude and direction, drawn end to end, with the 
arrows indicating the direction of the forces following each 
other in cylie order, will form a closed polygon. 
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This can be shown from the principle of the triangle of forces 
in the following way. Draw the triangle oah representing the 
forces A, and their resultant. Construct on the line oh a 
triangle obc such that he. represents the force C. The line oe is 
the resultant of o!> and C; hence oc is the resultant of the three 
forces A, B, and 

The lino oh is evidently unnecessary; for by drawing oa, ah^ and 




Fi(i. 30.—Five Forces in Equilibrium. Fio. 31.—Polygon of Forces. 

he as directiMl, oc is found, bcung the lino closing the quadrilateral 
figure thus obtained. 

The fourth force D can be added to A, B, and C by adding 
another line to the polygon, starting from C ; and similarly any 
number of forces can be com}>ounded by this polygon method. 
Thus to obtain the resultant of any number of forces acting 
together at a point, a figure is constructed by drawing lines 
representing the forces, end to end, with the arrows indicating 
the direction of the forces following each other in cyclic order. 

The line closing the figure with its arrow opposite to the 
cyclic order represents the resultant of all these forces. 

The same line, with the arrow following the cyclic order, 
represents the cquilihrant of all these forces. 

This is an alternative statement of the principle of the Polygon 
of Forces. 

If the figure is already closed, the resultant force is zero, 
the body is in equilibrium under the action of the forces given. 

The order in which the form are taken is entirely immaierial 
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APPARATUS FOR EXPERIMENTS ON FORCES 

To verify these various principles relating to forces, a convenient 
apparatus can be constructed in the following way :— 

Round the edges of a blackboard arrange a number of light, 
frictionless pulleys, over which light strong cords (fishing-line) are 
passed (Fig. 32). These should have ]ooj)s at one end, and, if 
possible, watch-chain clips at the other. The board is mounted 



vertically on the wall or on a rigid stand, or if the pulleys are 
arranged with their planes perpendicular to the board, the Ixjard 
can lie horizontally on a table, the ends of the strings hanging 
well clear of the edges. 

Sometimes the pulleys, instead of being fixed to the edges of the 
board, are attached to capstan blocks mounted on tripod stands. 

A light ring is used as the small body, being clipped to the cords 
by the watch-clips. 

When any forces whatever are applied through the cords, the ring 
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will move into a position of equilibrium, and tbe directions of the 
various strings can be marked on the blackboard with finely pointed 
chalk, or on a sheet of drawing-paper fixed to the board with a pencil. 
These lines give the directions of the forces acting, and by measur¬ 
ing lengths along them proportional to the weights hanging from 
the other ends of the cords, we obtain lines representing the forces 
in both direction and magnitude. 

From these force lines the various propositions already stated 
can bo proved experimentally by using two, three, and larger 
numbers of forces. 

It may be noted that, on account of friction, the position of the 
ring when in equilibrium under a given set of forces may vary over 
a small area. To obtain the true position, the position taken up 
should be marked, the ring disturbed, and the new position of rest 
observed. The middle of the area covered by the jmsitions taken 
up after several disturbances may be taken as the true position 
of equilibrium. 

Also, if the pulleys arc mounted with their planes perpendicular 
to the board, they must be free to swivel about a vertical axis so 
as to follow the various directions of the cord passing over them. 
This introduces friction in addition to the friction due to turning 
about the axle, and hence the vertically mounted board is preferable. 

Expt. 28. Determination of the Conditions of Equili¬ 
brium under the Action of Two Forces. —Attach two cords 
to the ring, and hang on to the cords various weights. Note 
that the two cords always draw out into one straight line, and 
that the ring only comes to rest if the weights hanging from 
the two cords are equal. 

^XPT. 29. Verification of the Principle of the Parallelo¬ 
gram of Forces and the Principle of the Triangle of 
Forces. —Fasten to the ring three cords with weights attached. 
Draw lines representing the forces acting on the ring when in 
the i)osition of equilibrium as already described. 

Construct a parallelogram with any two of the force lines as 
adjacent sides and show that its diagonal is equal in length to 
the third line, and that tbe diagonal and this third line are in 
continuation of one another. 

Draw a triangle at the side of the board with two sides 
parallel to two of the forces, their lengths being proportional 
to these forces respectively, and the arrows indicating their 
directions following each other in cyclic order. Complete the 
triangle and show that the third side is parallel to the third 
force, and represents the magnitude of the third force on the 
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same scale as the other two forces are rei)resented by th:j other 
lines. 

X" ExrT. 30. Determination of the Weight of a Body by 
Means of the Parallelogram of Forces. —Using two known 
weights and one unknown, proceed as in Experiment 20, con¬ 
structing the j>arallelogram with the lines rt‘presenting the 
known forces as adjacent sides. From the length of the 
diagonal, determine the weight of the unknown l)ody. Verify 
this with an ordinary balance. 

Expt. 31. Verification of the Principle of the Polygon 
of Forces. —Use four or live weights and i)roceed as in 
Experiment 29, but construct at the side of the board a tigure 
consisting of lines parallel and proportional to the forces, the 
arrows indicating the directions of the forces following each 
other in cyclic order. When all the forces but one have been 
represented, close the polygon and show that the closing line 
represents the remaining force in l)oth magnitude and direction, 
I>rovided the arrow follows the same cyclic order as the others. 
Do this for the same set of forces two or three times, taking 
the forces in different orders in each case so as to get })olygons 
of different sha])es. Show that the length of the closing line 
and its direction is entirely-independent of the order in wFich 
the other lines are taken, and tliat in every case it represents 
the remaining force, 

§ 2. Eesolution of YxerroRs 

We have seen how two vectors acting on one l>ody can be 
compounded into one equivalent vector. It is necessary now to 
consider the resolution of one vector into two other vectors 
which together shall be equivalent to the original vector. 

If B and C represent two such vectors it is evident that they 
are equivalent to A, if A is represented by the diagonal of the 
parallelogram constructed on B and C (Fig. 33). 

If B were perpendicular to (7, B would have no effect whatever 
along the line of action of C, nor would C have any effect along 
the direction of B, hence we could say that G represents the total 
effect of A along the direction of 0, while B represents the total effect 
of A along the direction of B. 

B and G would in such a case be called the Resolved Parts 
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of A along their respective directions, or B and C are the 
Components of A along these directions (Fig. 34). 

Now B = A cos (f>, and C = A cos 6, 

therefore we may say that the Resolved part of any force 




Fia. 38.—Resolution of Vectors. Pia. 34.—Resolved Parte of a Vector. 

acting along a given direction, is equal to^the magnitude of 
the force multiplied by the cosine of the angle between the 
direction of the force and the given direction. 


Direct verification of this principle is given in the experiment 
called the Static Inclined Plane described on p. 72 (Fig. 36). In this 
a mass of weight W is maintained at rest, 
on a plane inclined to the horizontal at an 
angle 0 by a force P acting along the plane. 

Evidently the effect of the weight W 
along the plane is only equal to P, since 
P keeps the mass from moving down the 
plane under the action of its weight W. 

That is, P is equal to the resolved part 
of the weight acting parallel to the plane. 

But P is shown to be equal to W sin 6^, 
therefore the resolved part of the weight 
W acting along the plane must be equal Pio. 86.—inclined Plane, 

to W sin B. 

Now the angle between the plane and vertical is an angle ^ 
(Fig, 35), such that ^ — 90“ — and cos </> — sin 

W sin ^ — W cos 

Thus the resolved part of W acting along the plane at an 
angle <f> to the direction of the weight W, is equal to W cos 
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STATIC INCLINED PLANK 

If a load W is resting on an inclined plane, it may be 
maintained in equilibrium on the plane, or pulled without 
acceleration up the plane, by a force P acting parallel to the 
surface of the plane. The force P is much smaller than the 
weight of the body W, the value of P diminishing as the 
inclination of the plane diminishes. 

Consider the forces acting on a body of weight W, which 
is just maintained in equilibrium on a plane inclined to the 
horizontal, at an angle 0, by a force acting along the plane. 



We have first its weight W acting vertically downwards, secondly 
the force P acting along the plane, and in addition to these 
there is a force exerted by the plane called the reaction B of 
the plane. This force acts perpendicular to the surface of the 
plane, if the plane be smooth (Fig. 36). 

These three forces together keep the body at rest; their 
directions are all known, and hence if the magnitude of one 
of them is known, the either two can be determined by applying 
the principle of the triangle of forces. 

Let the line AB denote the weight W. Draw AC per¬ 
pendicular to the plane, ie. parallel to the reaction R, and 
BO parallel to the plane, ie. parallel to P. 
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They intersect at C; hence AC and BC represent R and 
P respectively. 

The angle CAB is equal to the angle ^; since AC is perpen- 
dicular to the plane and AB is perpendicular to the base. Thus 


BC 

AB 


= sin ^ 


But BC and AB represent P and W, 

P 

therefore = sin 0^ 


or 


P=Wsin e. 


A somewhat simpler proof is obtained if we consider the 
energy gained by the weight when pulled up the plane, and the 
work done by P in pulling it up the plane. 

The height of the top of the plane above the bottom is A, 
hence the weight gains an amount of potential energy - WA 
when raised to the top. 

The force P acts through a distance I in its own direction 
when pulling the weight up the plane, if I is the length of the 
plane, hence the work done by the force is P/. 

By the principle of the conservation of energy 

energy gained = work done, 

i.e. WA = P^, 

or P = -y = W sin 0, 

The apparatus used in this experiment consists of a plane board 
hinged at its lower end, and supplied with some means of adjusting 
its inclination to several different values. At the up]>er edge 
is usually fixed a pulley, over which a cord i)a8ses. To the end 
on the plane the load W is attached, while from the hanging end 
weights can be suspended to exert the force P on the cord. In 
order to eliminate friction between the load W and the plane, W is 
usually a small roller, supported on an axle carried by a suitable 
framework, to which framework the cord is attached. In some forms 
of apimratus the pulley and hanging weight are replaced by a spring 
balance which automatically adjusts itself to exert the required 
force P at any inclination, and P can be read off directly. 
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The angle 0 can be measured by means of a protractor placed 
with its edge along the horizontal base and its centre at the centre 
of the hinge, but it is better to have a graduated quadrant fitted 
near the toi> of the plane, with a plumb-line hanging from its 
centre. If the zero line of the quadrant stands out at right angles 
to the plane, the angle d is read off as the angle between the 
plumb-line and this zero line. This method is preferable to the 
first, as it is necessary to level the base by means of a spirit-level 
if the first method is used, and other errors easily creep in when 
measuring the angle 0, 

Expt. 32. Static Inclined Plane. —Apply different forces 
P over the pulley, using different inclinations of the plane. 
Adjust P in each case until the roller moves equally freely 
up or down the plane w^hen given a slight push. This effect¬ 
ively gets rid of the effect of any friction at the pulley 
and enables very accurate readings to be taken. Note corre¬ 
sponding values of P and taking five or six different 
inclinations. Tabulate your observations thus :—• 


r. 

— 

slu 9, 

V 

SlU 9 






Since the same roller is used in each case, W is constant. But 
W sin therefore the values of P/sin 10, the quotients tabulated 
in the last column, should he constant and equal to W. The mean 
value of P/sin 0 should be equal to the weight of the roller quite 
accurately; Verify this by actually weighing the roller. 

If the quadrant for measuring 6 is not fitted to the apparatus 
employed, measure h and I directly, taking the same point on 
the plane each time and measuring its height above the base and 
its distance alony the plane from the centre of the hinge. The 
table of observations would then be arranged under the headings 

P. K i, p/^^. 

Find the mean value of Vljh, This should be equal to W 
measured directly. 

If the weights exerting the force P are put in a scale-pan 
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suspended from the cord, the. weight of the scale-pan must be 
included in the force P. 

§ 3. General Conditions for the Equilibrium of any 
Body under any Forces 

MOMENT OF A FORCE 

The turning: effect of a force about any axis is called the 
moment of the force about the griven axis, and is defined as 
the product of the force and the perpendicular distance ft»om 
the axis to the line of action of the force. 

The direction of rotation, ‘clockwise^ or ‘anti-clockwise,' is 
termed the sense of the moment: it is immaterial which sense is 
chosen as positive, provided the convention made is retained 
throughout. 

If a body is acted upon by any system of forces, the body 
will remain at rest only if the two conditions given below are 
j^tisfied. 

1. The Resultant Force in any direction must be zero. 

2. The Resultant Moment of all the forces about any axis 

must be zero. 

Condition 1 is included implicitly in condition 2, but it is so 
important that an explicit statement is of value. 

PRINCIPLE OF THE LEVER 

The first of the above conditions has been proved experi¬ 
mentally in considering the composition of forces ; it is pur¬ 
posed now to demonstrate the truth of the second statement 
by experiment. The simplest way to do this is by pivoting the 
body on which the forces are to act about a suitable axis called 
the fulcrum. Then the forces required to prevent the body 
from moving as a whole are introduced at the fulcrum, and 
condition 1 is satisfied without further trouble: a body pivoted 
in this way is called a lever. 

Since we cannot determine easily the force brought into action 
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at the fulcrum, we can only find its moment about the fulcrum 
itself The moment of any force about its point of application 
is zero, hence the forces brought into action at the fulcrum 
have no moment about the fulcrum itself. Thus in considering 
the equilibrium of the lever, we can leave out of consideration 
the forces brought into action at the fulcrum, so long as we 
consider the moments about the fulcrum alone. 

The condition of equilibrium of a lever may therefore be 
stated thus: A lever will be in equilibrium, if the moments 
of all the applied forces about the fulcrum have a zero 
resultant 


LEVERS 

A convenient apparatus for demonstrating the principle of the 
lever, and therefore verifying the law of moments, may be con¬ 
structed in the following way. A rigid framework of wood carries 



at a point near the middle of one of the uprights, a round rod of 
brass projecting horizontally. On this rod is placed a metre scale 
with holes drilled about every 2 cm. along its length, the rod 
passing through the hole at the middle of the scale. By this means 
the centre of gravity of the rod is at the j)oint of support, and the 
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effect of the weight of the rod is eliminated {see Centres of Grarity, 

p. 80). 

Pulleys are mounted on the top bar of the framework, with cords 
passing over them. The cords can be attached to the metre scale 
at any point by means of brass hooks tied to the ends- The other 
ends of the cords carry scale-pans, so that various forces can be 
applied to the lever by weights placed in the scale-pans. Other 
scalti-paiis can be hung from the holes in the metre scale directly, so 
that the forces can be applied vertically upwards or downwards, 
or inclined at different angles to the horizontal. 

Since friction of the pulleys and at the fulcrum cannot be 
eliminated, the apparatus should be given a slight initial velocity 
when approximately adjusted, the weights being adjusted finally 
until the lever turns equally freely in either direction. If one of 
the forces acts obliquely, this slight motion given to the lever should 
not deflect it to any great extent from the horizontal position, 
otherwise the angle at which the force acts will be altered, and its 
moment about the fulcrum wdll thereby be changed. 

When the lever turns equally freely in either direction, the 
moments of the various forces about the fulcrum must be calcu¬ 
lated, and their senses noted. This is done by multiplying each 
force by the perj)endicular distance from the fulcrum to the line of 
action of the force, positive or negative signs being prefixed accord¬ 
ing as the sense of the moment is clockwise or anti-clockwise. The 
moments of all the forces must then be added together algebraically ; 
tlie sum of the moments in each case should be zero. 

Notk.—T he weights of the scale-pans must be included in each 
of the forces considered. 

Expt. 33. Levers. —Perform the experiment for each of the 
following cases, applying forces as indicated in Fig. 38:— 

Case I., frequently referred to as a lever of the first order. 

The force F causes clockwise rotation, t.e. its moment Yd 
about the fulcrum is positive. 

The force F' causes anti-clockwise rotation; its moment F'cT 
about the fulcmm is therefore negative. 

Show (algebraically) Fc? -f Yd! » 0. 

Example. F = 350 gm. d = 48 cm. 

Fcf- 16800, 

F' = 750 gm. cf" = 22 cm. 

F'd'« --16500, 

Yd 4- Y'd' « 16800 - 1 6500 « 300, 

Error 2%. 



78 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. 1 


Case II., frequently referred to as a lever of the second order. 

F causes anti-clockwise rotation, i.e. its moment Yd about 
the fulcrum is negative. 

F' causes clockwise rotation, its moment Y'd' about the 
fulcrum is ])ositive. 

Show as before Yd + YW == 0. 


Case III., generally known as a lever of the third order. 

Yd is again negative, and YUt positive. 

Show Fd + Y'd' = 0. 


Case I 

d d 


[ ^ 

1 

tp' 

T| 

Casein 






The general principle is applicable to any number of forces, 
acting at any angle to the lever, as is shown in the two following 
cases. Any other sets of forces can be substituted for these, and 
the total moment about the fulcrum will in all cases be found 
to be zero. 

Case IV. 

Yd is positive. 

FV/ is negative. 

Y”d' is negative. 

Show algebraically Fd + F'cT + F"d" « 0. 
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Case V. 

Fd is 2 >ositive. 

F’d' and F"d" aro both negative. 

Show tv/+ F'tf + = 0 as before. 

Enter all results for each of the five cases as indicated in Case T., 
stating any observed error as a percentage of the total moment 
in one direction. It is advisable to use fairly large forces— 
200 to 300 gm. at the ends of the scale and up to 1 kgm. 
nearer th(^ middle. By this means the effect of the friction at the 
fulcrum is made a comparatively small proportion of the actual 
turning moments applied, and greater accuracy is obtained. 

- Ekrx. 34. Weighing a Metre Scale by Application of 
the Principle of the Lever. —Support the metre scale at a 
point about 10 cm. from one end. Hang a scale-pan from the 
end hole in the short side of the scale, and adjust weights in 
the scale-pan until the scale is just balanced. The weight of 
the scale acts downwards at its Centre of Gravity, i.e. at the 
middle of the scale. Let the weight of the metre scale be 
W gm. and the weight in the scale-pan (including the scale- 
pan itself) uf gm. The distance of the fulcrum from the 
centre of the scale being I), and from the scale-pan d, we have 
WD — wd. 

Measure D and d and observe ic. Calculate W, the weight 
of the metre S(;a]e. 

Itepeat this for two or three positions of the fulcrum and 
check the result by weighing the metre scale on a balance. 

§ 4. Centres of Gravity 

When two parallel forces act upon a rigid body they can, in 
general, be replaced by a single 
resultant force. Thus the two 
forces P and Q acting at the 
points A and B are equivalent 
to a single force R = P + Q. 

The line of action of this 
force cuts AB in a point C such 
that 

P X AC = Q X CB. 

Thus the position of the point C is independent of the 
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direction of the forces. It is called the centre of the parallel 
forces. 

Similarly, when any number of parallel forces act upon a rigid 
body, their resultant passes through a certain point whose posi¬ 
tion does not depend on the direction of the forces. The position 
of this point—the centre of the parallel forces—is fixed when the 
magnitudes and points of application of the forces are known. 

All bodies are attracted towards the centre of the earth by 
the force of gravity. We may suppose a rigid body made up 
of particles each one of which is attracted by the earth. We 
thus obtain a system of approximately parallel forces acting 
on the body. The centre of these parallel forces is called the 
Centre of Gravity of the body. 

Accordingly the Centre of Gravity of a body may be 
defined as that point, fixed with relation to the body, througrh 
which the resultant of the earth's attraction on all the 
particles passes, whatever be the position of the body. 

When a heavy body is supported at a single point, the only 
forces acting on the body are its weight and the reaction at 
the point of support. If the body remain at rest, these two 
forces must be in equilibrium, and consequently must have the 
same line of action. Hence the point of support must be in the 
same vertical line as the Centre of Gravity. 


Expt. 35. Experimental Determination of the Centre of 

Gravity. — To find 
the Centre of Gravity 
of a body, suspend it 
by a string attached 
to any point A and 
. . mark the position of 

_( the vertical line AB 

• A\ (Fig. 40). The verti¬ 

cal may be deter¬ 
mined by means of 
a plumb-line. Then 

suspend the body 
Via, 40.-r)etennination of Centre of Gravity. another point 

C and mark the vertical CD. The Centre of Gravity must 
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be in AB, and also in OD, and so must be at the point of 
intersection G. 

Confirm this by susj)ending from a third point. 

The Centre of Gravity of a body depends on the distribution 
of mass throughout the body, as can be shown in the following 
manner. The body used for this experiment consists of a 
uniform plate of wood, to which may be attached a load 
formed by a brass nut and screw P. 



First find the Centre of Gravity of the plate alone, and 
then the Centre of Gravity with the load fixed to the plate. 
Eepeat the latter determination for several positions of the 
load. 

Plot a graph showing how the position of the Centre of 
Gravity varies as the load is moved along the diagonal of the 
plate, taking as abscissae the distances (OP) of the load from 
the centre of the plate, and as ordinates the distance of the 
Centre of Gravity from the centre of the plate. 

It will be noticed that the Centre of Gravity of the compound 
body moves from the position of the Centre of Gravity of the 
plate of wood, through a distance proportional to the displace¬ 
ment of the brass weight from that point. The ratio of the 
weights of the brass nut and the plate of wood is inversely 
proportional to the ratio of the distances of their centres from 
the Centre of Gravity of the compound body. Verify this. 

§ 5. Graphic Methods of Computation 

A considerable number of quantities can be determined by 
purely graphical, as distinct from numerical, methods. It is 
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also possible to investigate by such methods the conditions of 
equilibrium of a body or the force required to keep it in 
equilibrium. These are the methods of Graphic Statics. 

Two properties of a flat uniform body which are readily 
found by a simple graphical construction are the position of the 
Centre of Gravity of a uniform plate, and the value of the 
Moment of Inertia of that plate .about any axis. These 
methods not only enable the Moment of Inertia of the cross- 
section of a beam to bo found, but also give a usefur exercise 
on the use of the planimeter. 


GRAPHIC METHOD OF DETERMINING THE CENTRE OF 
GRAVITY OF A UNIFORM PLATE 

Consider a plate of any contour; draw at one side of it a 
line XX' and another line YY' parallel to the first, tangential 
with the curve at the extreme point on the opposite side (Fig. 42). 

From any point 0 on the 
first line draw a number 
of lines radiating in dif¬ 
ferent directions. It is 
convenient to arrange the 
radiating lines so that 
pairs, such as OA, OC, 
intersect the contour at 
equal distances from the 
original line XOX'. 

Through each of the 
points of intersection, A, B, C, etc., draw a line parallel to 
the base line XOX'. From each point A, B, C draw a line 
perpendicular to XOX', meeting YY' in points A', B', C', etc., 
respectively. 

Join OA', OB', OC'. Each of these lines cuts its corre¬ 
sponding parallel in some point Ap B^, G^. Draw a curve 
passing through all the points Aj, B^, C^, etc., and find the area 
of this figure and of the original plate. 



X ox 

Fia. 42,—Graphic Method for Centre of Gravity. 



OH. V 


STATICS 


£3 

Tlie Centre of Gravity of the plate is at a distance h from 
XOX' such that 

^ Area of figure etc, ^ Perpendicular distance 

~ Area of original figure ABC etc, between XX' and YY'. 

Proof.— Consider a small portion of the original figure enclosed 
between the parallels AC and BD, imagining these to be quite 
close together. 


A C' 



Fig, 43.--Proof of Graphic Method for Centre of Gravity. 

The corresponding area of the figure A^B^C^ etc., constructed 
as already described, has the same vertical dimension, but its 
length is reduced in the ratio of ir/y, 

. Area ABCD y 

Area“AiBiCi'Dj''’x 

The moment of the mass of the original figure ABCD about the 
axis XOX' is equal to 

ABCD X X, 

and thus is equal to A^BjC^D^ x y. 

Thus, for any narrow element ABCD of the original figure, the 
moment of its mass about the axis XOX' is equal to the area of 
the corresponding element of the constructed figure multiplied by 
the distance between the lines XOX' and YY'. 

Now if the Centre of Gravity of the plate were at a distance ?i 
from the axis XOX', the whole area of the plate multiplied by the 
height h would be equal to the sum of the products of the elemental 
areas, such as ABCD, multiplied by the corresponding distances (ar) 
from the same line XOX'. 

Thus Area of plate x A == 2(ABCD x x). 

Now the value of ABCD y.x^ A^B^CiDi x y, 
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i,e, 2(ABCD xx)^t/x 

= y X Area of constructed figure. 

Hence Area of plate x A = Area of constructed figure x y, 

• i ^ Area of constructe d figure Distance between 

”” Area of original plate ^ XX' and Y^Y'. 

By taking a different base line, say perpendicular to tbe line 
XOX', and carrying out a similar construction, the distance h* 
from this second base line can be found by the same process, and 
therefore the exact position of the Centre of Gravity is known. 

When the plate is symmetrical about any one line, the C.G. 
must of course be in the axis of symmetry, and thus one con¬ 
struction only is required for the determination of the position 
of the Centre of Gravity. 

Expt. 36. Graphic Determinations of the Centre of 
Gravity.—Construct an isosceles triangle. Take its base as 
the axis XOX' and show that the Centre of Gravity of the 
triangle is one-third of the way up the triangle, using a plani- 
ineter for measuring the necessary areas. Find also the posi¬ 
tion of the Centre of Gravity of a semicircle. 


GRAPHIC DETERMINATION OP THE MOMENT OF INERTIA 
OF A UNIFORM PLATE 

(For definition of Moment of Inertia, see p. 143.) 

The construction for this determination is similar to that for 

the determination of the 
position of the Centre of 
Gravity of a plate (q.v.). 
When the points A^ Bj, 
Cj; etc., have been found, 
lines from these points 
are drawn to YY', meeting 
YY' in A'', B", C", etc., the 
lines AjA" being drawn 
perpendicular to XOX'. 
Join OA'', OB", etc. 
These lines cut the corresponding parallels in points A^, C^ 



PKi. 44.—Graphic Method for Moment of Inertia. 


etc. 
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Draw the contour Ag, B 2 , C 2 , etc., and find the area of the 
figure thus obtained. 

The Moment of Inertia of the plate about the axis XOX' is 
equal to the area of this figure multiplied by the square of the 
distance between the lines YY' and XX' 

Proof. —Consider an elemental area ABCD of the original figure 
enclosed between two parallels very close together. 

The length of the element between A^Ci is equal to 

ACx-. 

y 



X ox' 

Fi(f. 45.—-Proof of Graj>hlc Method for Moment of Inertia. 


The length of the element between AgC^ is equal to 

AjCiX?, 

X k 

A P >'2 


The vertical dimension of the various jmrts of the element is 
unaltered. Hence 


_ Area of element of plate ^ A.BCD 

Area 6f corresponding element of constructed figure A 2 B 2 C 2 D 2 

Now the Moment of Inertia I of the whole plate about XOX' is 
the sum of the products of the mass of each element by the square 
of its distance from the axis XOX', ue. 

I«2ABCDxx2. 

But ABCD X „ A 2 B 2 C 2 D 2 x y\ 

I = 2ABCD X » y2 X :SA2B2C2D2, 

I» Area of constructed figure x yK 


t.e, 

or 
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Expt. 37. GrapMc Determination of the Moment of 
Inertia of a Circular Plate. —Draw a semicircle, taking its 
diameter as the axis XOX'; find the Moment of Inertia of the 
semicircle about a diameter. Twice this will be the Moment 
of Inertia of a circular plate about a diameter. Show that this 


is equal to where a is the radius of the circle (10 cm. is a 


convenient radius to take). 


Expt. 3S. Graphic Determination of the Moment of 
Inertia of a Rectangular Plate. —Draw a rectangle of length 
h and breadth d {\0 cm. and 15 cm. are convenient lengths 
to take). Using a line across the middle as the base line XOX', 
find the Moment of Inertia of one half of the rectangle about 
this line. Twice this is evidently the Moment of Inertia of 
the whole rectangle about an axis through the middle. Show 
that this is equal to 

Do this for the same rectangle about an axis through the 
middle but j^arallel to the other pair of sides. 


It will have been noted in the foregoing that the mass of the 
plate has not been mentioned. The contour is marked out on 
the paper and the construction deals merely with the area of 
the plate. The result obtained is what is usually known as the 
Moment of Inertia of the area about tlie given axis. This is 
the quantity generally required in engineering problems. If, 
however, the Moment of Inertia of an actual x)late of matter is 
required, it may be found from the Moment of Inertia of the 
area in the following way :— 

The Moment of Inertia of the area is numerically equal to 
the Moment of Inertia of a plate of that same shape whose 
surface density is unity. If, therefore, the Moment of Inertia 
of the area is found graphically in the foregoing manner, the 

Moment of Inertia of a plate of the same shape about a 
similar axis is found by multiplying the result thus obtained 
by the surface density of the plate, i.e. by its mass divided 
by its area. This form of result is very rarely required. 
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§ G. Graphic Statics 

Whether a body will be in equilibrium or not under the 
action of a given system of forces can be tested by purely 
graphic construction. The forces can produce motion of two 
kinds : (a) translation, (b) rotation. The first of these will be 
zero if there is no resultant force in any direction, the second 
will be zero if there is no resultant moment about any axis. 

The graphic construction to test for no motion of transla¬ 
tion is to construct the polygon of forces. If the polygon is 
closed, there is no resultant force in any direction, and the 
body will have no motion of translation. 

If now we can devise a graphic construction to test whether 
the resultant moment about any axis is zero, we shall have a 
complete graphic method for testing the equilibrium of a body 
under any system of forces. 

The graphic method for testing for zero moment is known 
as the Link Polygon or the Funicular Polygon. 

Let A, B, C, D and E (Fig. 46) represent a system of forces 
acting oil a body in such a way as to produce neitlier translation 
nor rotation. The force polygon will be of the shape shown in full 
lines in Fig. 47, and will be a closed polygon. 

Choose some point O and draw lines from O to the corners 
of the force polygon, a6, 6c, cd, etc. From some point P on the 
line of action of A (Fig. 46) draw PQ parallel to the line Oab. 

From the point Q, where this cuts the line of action of B, draw 
a line QK from B to C parallel to 06c. From C to D draw RS 
parallel to Oc</ and so on. By this means a figure will be obtained, 
shown by the dotted lines drawn between the lines of action of 
these forces A, B, C, D and E. This is called the Link Polygon 
or the Funicular Polygon, and if it is closed the forces acting on 
the body will have no turning moment on the body. The conditions 
of equilibrium of a body may therefore be expressed by saying that, 
for equilibrium of any body, tbo force polygon must be 
closed, and the link or funicular polygon must be closed. 

If, when these polygons are constructed, they are not found to 
be closed, the line closing the force polygon must be drawn; this 
gives the magnitude and direction of the equilibrating forc^. Its 
line of action is found by producing the open ends of the funicular 

1)2 
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polygon until they meet. The point of intersection is on the line 
of action of the force. The direction and magnitude of the force 




Fro. 47.—Force Polygon. 


are known already, hence the force required to maintain the whole 
body in equilibrium is determined completely. 



CH. V 


STATICS 


89 


The magnitude and line of action of the force E in the diagram 
(Fig. 46) was found by means of these methods, ABC and J) being 
supposed known. 

For the proof of the statements made in connection with the 
funicular polygon, and for its further applications, reference must 
be made to text-books of Applied Mathematics. 

Ex FT. 39. Construction of the Force Polygon and the 
Link Polygon. —Hang up a light cardboard or metal plate on 
the apparatus used for verifying the Polygon of Forces, 
suspending it by means of four cords applied at different 
points and carrying weights at the other ends, arranging the 
cords over pulleys so as to act in different directions. Make 
a copy of the plate on drawing-paper on a drawing-board, 
putting in lines to represent the directions and magnitudes of 
three of the four forces acting on the body. 

Construct the force polygon and the link polygon on these 
three forces, and find the line of action and the magnitude of 
the force re(piired to keep the body at rest when under the 
action of tliese three forces. Verify that the fourth force 
actually acting on the plate is of this magnitude, and that its 
line of action coincides with that obtained by this graphic 
construction. 

Exft. 40. GrapMc Determination of the Weight of a 
Plate. —As an additional exercise in graphic statics a heavy 
plate may be used, supporting it by three strings, so as to 
obtain three forces—acting in different directions, and applied 
at different points, but all in one plane. Determine the force 
which must be acting on the plate to keep it in equilibrium 
under these three forces; this will be equal to the weight of 
the plate. The line of action of the force obtained graphic¬ 
ally must pass vertically through the centre of gravity of 
the plate. Verify these results by determining the position 
of the centre of gravity (p. 80) of the plate, and also by 
weighing it. 


§ 7. Friction 

Whenever an attempt is made to move relatively to each 
other two bodies which are in contact, forces are introduced 
which oppose the motion. Such forces are grouped together 
generally under the title of frictional forces, though they differ 
very widely in their nature. The investigation of fluid friction 
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is generally dealt with in experiments on viscosity and is 
beyond the range of this book. 

SOLID FRICTION 

When two solid bodies are in contact, the forces between 
them can be resolved, in general, into two components. The 
component in the direction of the common normal may be 
called the thrust between the bodies; the other component, at 
right angles to the normal, may he called the friction. When 
an external force is applied to one of the bodies tending to 
move it in a direction at right angles to the normal, the force of 
friction is called into play and tends to prevent sliding motion. 
So long as no relative motion takes place the friction just 
balances the applied force. If the applied force is gradually 
increased, a stage will be reached at which sliding motion is 
just on the point of commencing. The friction is then called 
limiting friction. 

The limiting friction between solid surfaces pressed together 
by a given thrust is practically independent of the area of 
contact, provided the surfaces are not appreciably deformed by 
applying too large a force on too small an area. 

The friction between two solid surfaces, when motion takes 
place, and one surface slides over the other, is nearly inde¬ 
pendent of the relative velocity of the two surfaces. 

In the case of two solid surfaces in contact, the limiting 
friction between the surfaces depends solely on the nature and 
condition of the two surfaces and on the force pressing the two 
surfaces together. The limiting friction is proportional to the 
force pressing the two surfaces together, and we obtain from 
this relation the quantity known as the Coefficient of Friction 
between two surfaces. 

COEFFICIENTS OF FRICTION 

The Coefficient of Friction between two surfaces is defined 
as the force of friction, divided by the force pressing the 
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two surfaces together. Thus if the thrust, or the force acting 
perpendicular to the two surfaces, is F, and the force resisting 


Normal Force 




F 

•NetardMff f , 
Force ^ _ J 


'r 1 Motton . 

^ ] 


1 - 

Fio. 48.- 

-Friction. 


their relative motion is /, the coefficient of friction between the 
two surfaces is //F. This is usually indicated by the symbol /jl, 
so that 

/ 

STATIC AND DYNAMIC (OR KINETIC) FRICTION 

The force required to start two surfaces slipping over each 
other when pressed together with a given force is greater than 
the force necessary to keep them moving over each other when 
once they are started. We thus have two frictional forces for 
a given force perpendicular to the faces. One of these is called 
the static ft’ictional force, being equal to the force that has 
to be exerted to start the motion, i,e. the force exerted on each 
other by the two surfaces when at rest The other force is 
called the dynamic frictional force, being equal to the force 
required to keep the surfaces in steady motion over each 
other when once the motion has commenced. Corresponding 
to these two forces there will be two coefficients of friction. 
The coefficient of static friction is invariably greater than the 
coefficient of dynamic (or kinetic) friction. 

Expt. 41. Determinations of the Coefficients of Friction 
by moving a Block over a Horizontal Table. —Adjust the 
table so that the surface is horizontal. On it place a block of 
wood or metal whose weight has been determined. Attach a 
cord to a hook in the side of the block, and pass the cord ever 
a pulley adjusted so that this part of the cord may be horizontal. 
To the free end of the cord attach a scale-pan bn which various 
weights can be placed. 
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i. Determination of the OoefQoient of Static Friction. 
—Place a known load on the block, and adjust the weights in 
the scale-pan till the block just moves; find the ratio between 

the force required to 
move the block and the 
force pressing the two 
surfaces together. This 
ratio is the coeflicient of 
static friction for the pair 
of surfaces used. Rejjeat 
this for several different 
weights on the block, 
and show that the ratio is 
approximately constant. 

The force applied to the scale-j)an, must include the 
weight of the scale-pan, and the force F, pressing the surfaces 
together, includes the weight of the block. 

Record the observations giving F, and /x in tabular form. 
The mean value of /x is the coefficient of static friction. 

ii. Determination of the Ooefftcient of Dynamic 
Friction. —Place weights on the block and adjust the weights 
in the scale-pan until the block continues to move without 
acceleration when given a slight start. Find the ratio l)etween 
the force required to keep the block in motion and the force 
pressing the two surfaces together. This ratio is the coefficient 
of dynamic friction for the two surfaces used. Do this for 
several different weights on the block to show that the ratio is 
approximately constant but smaller than the coefficient of 
static friction already obtained. Find the mean value of the 
coefficient of dynamic friction. Enter the results as in the 
determination of the coefficient of static friction. 

By covering the table with a fiat plate of brass or of zinc 
and using blocks of different materials the coefficients of friction 
l)etween several different pairs of surfaces can be determined. 
A suitable selection, as giving fairly considerable differences 
in the values of the coefficients is; wood on wood (a) with, 
(6) across the grain, zinc on zinc or brass on brass, and wood 
on brass or wood on zinc. 

It IS essential for consistent results that the surface of any 
one plate shall be in a uniform state of polish all over. If 
this is not the case, the experiment must be carried out so that 
the portion of the lower surface moved over is always the 
same. This is done by marking a line on the ffxed surface 
and starting the block ^ways from that line. 
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It is also essential that the surfaces be in the same condi¬ 
tion in all the experiments with a given pair of surfaces. If 
the surfaces are pressed together before applying the force, 
the coefiicient of friction will be changed to some extent; if 
moisture condenses on the surfaces the coefficient will be 
changed entirely. 

LIMITING EQUILIBRIUM ON AN INCLINED PLANE 

When a body is resting on an inclined plane, and the angle 
0 between the plane and the horizontal is increased till the body 
is just on the point of sliding down 
the plane, the force of friction as¬ 
sumes its limiting valua As in the 
Static Inclined Plane (p. 72), the 
force pulling the body down the 
plane is equal to the force, P, re¬ 
quired to keep the block at rest on 
the plane in the absence of friction. 

m # • xi- j. r Fio. 60.—Friction on Inclined Plane. 

Ihe force pressing the two surfaces 

together is equal to the reaction, II, of the plane. The coefficient 
of friction, /a, is therefore P/R. 

Now P = W sin B and R = W cos 

rpi X P W sin ^ 

Therefore u ^ = —-- = tan B. 

R W cos B 

Expt. 42. Determination of the Coefficients of Friction 
by means of an Inclined Plane. —Place a block of material 
on an inclined plane and gradually increase the sloj^e of the 
plane. At a certain inclination the block will slip; note the 
angle of inclination when slipping takes place. 

Place weights on the block and raise the piano again ; note 
that the block slips at approximately the same inclination as 
before. Let this angle be B^ 

Repeat the experiment, and find the inclination at which 
the block will just continue to move down the plane if given 
a slight start—do this with the block loaded and unloaded, 
and show that the inclination is the same in either case. Let 
this be B^ The inclination required in this case is not so 
great as that required for the block to start of its own accord 
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The coefficient of static friction is tan 6 ^; the coefficient 
of dynamic friction is tan 

By facing the plane with sheets of different materials, and using 
different blocks, the coefficients of friction between several different 
sets of surfaces can be found in the same way. 


THE FRICTION OF A ROPE OVER A FIXED PULLEY 


When a belt or rope is stretched over a fixed cylinder 
equilibrium can occur with unequal tensions on the two sides 
on account of the friction between the surfaces 
in contact. 

Suppose the string in Fig. 51 is just on 
the point of slipping from B towards A— 
the tension T being greater than the tension 
Tq— then it can be shown theoretically that 

T = T,< 

where jx is the coefficient of friction, 0 is the 
angle ACB (Fig. 51), and €= 2-71828 .... 
e is the base of the Napierian or Hyjierbolic logarithms and 
is represented by the series 

1 1 

2.3.4'^ ■ ■ • 



Fw. 61.—Rope over 
Pulley. 


*=1 + 1 + ^-- 


» —— - 

2 1.2.31. 


Taking logarithms to base e of both sides of the equation 
T = we obtain 

log. T = log, + log, ei^, 
log, T - log, T(, = fi0. 

For purposes of calculation convert to logarithms to base 10 
(logio 'T - logio To) log, 10 = 

The value of logg 10 is 2-30258 . . ., or with sufficient 
accuracy for the present purpose 2-3. 

Hence the coefficient of friction is given by 

U 


where $ is measured in radians. Note that w radians » 180 ^ 
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Expt. 43. Determination of the Coefficient of Friction 
between a Eope and a Pulley.—The apparatus used to 
illustrate these results consists of a metal cylinder on the 
surface of which is stretched a string or belt. Tensions are 
applied to the ends of the string by attaching weights to them. 
It is convenient to use a known weight of say 100 gm. at 
one end and to adjust tlio 


weight at the other end by 
putting weiglits into a scale- 
pan tied to the string. Tlio 
weight of this scak -itan 
must be taken into account, 
and in some cases it may 
be necessary to take into 
account the weight of the 
6usj>ending string. 

The ‘angle of contact’ for 
the string and the cylinder 
can be varied by passing the 









string over a sniall fixed 52 .—Fnction between riopc and Pulley, 

pulley whose position can 

be adjusted as desired (Fig. 52). The friction of this pulley 
can be neglected. 

The circumference of the cylinder may be marked off into 
a number of equal parts, corresponding say to 90°, 180°, 270°, 
360°, 450°, 540°, etc. The string may then be wound round 
the cylinder so that the arc in contact corresponds with one 
of these angles. 

For any particular angle determine what weight must be 
placed in the scale-pan just to start the string moving over 
the cylinder. 

Tabulate the results as follows : 


Angle. 

Tension T. 

logio T. 


90® 

180® 

270® 

etc. 





The figurcvS ill the last coluiim should he constant. 


Plot two curves to show these results. 

(1) Plot the value of T - T^ os ordinate against the value of the 
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angle as aoscissa. This will illustrate the fact that the tension 
increases with the angle in the same manner as a sum of money 
put out at compound interest. 

The iiuportiince of this curve in practical and in theoretical 
physics is considerable, e,g, in damped oscillations, or in Newton’s 
law of cooling (p. 356), a curve of exactly the same form is used 
to express some of the results obtained. 

(2) Plot tlie value of log^Q T —log^^ as ordinate against the 
value of the angle as abscissa. The points should fall on a 
straight line. 


NOTES ON THE UNITS OF FORCE, WORK AND POWER 

Force 

Force may be measured either in gravitational or in absolute 
(dynamical) units. 

The gravitational unit of force is the attractive force of 
tlie earth on a mass of one gram, ix, 1 gm.-weight. 

The dynamical unit of force is the force which, acting on a 
mass of one gram, produces an acceleration of one cm. per sec. 
per sec. (Chap. VI 11.). It is called 1 dyne. 

If g denote the acceleration in cm. per sec. per sec. produced 
by the earth’s attraction, 1 gm.-weight~y dynes. 

Work 

Work is measured by the product of the force acting, and 
the distance moved through by the point of application in the 
direction of the force. 

The gravitational unit of work is the work done in lifting a 
mass of one gram through a vertical distance of one centimetre. 
It is called 1 gm.-cm. 

The dynamical unit of work is the work done when a force 
of one dyne moves its point of application through one centimetre. 
1 dyne-cm. is called 1 erg. 

A larger \mit of work, the joule, is often used. 1 joule«10 
million ergs =10^ ergs. 

Power 

Power is the rate of doing work. 

The gravitational unit of power is 1 gm.-cm. per see. 

The dynamical unit of power is 1 erg per sec. 

A more convenient unit is 1 joule per sec. or 1 watt. 



CHAPTER VI 


MACHINES 

§ 1 . Efficiency, Force Ratio and Velocity Ratio 

Any apparatus by wliick work may be done as a result of 
mechanical energy supplied is called a machine. When work is 
done as a result of a supply of energy other than mechanical, 
the term * engine ^ is generally used ; we shall limit our study 
here to the consideration of machines. 


EFFICIENCY 




Machine 



In any form of machine, a certain portion only of the energy 
sui)plied is actually employed in useful work; the remainder is 
lost in friction inside the machine. The more ‘efficient’ the 
machine, the greater is the proportion of 
energy employed usefully; we therefore 
say that the efficiency of a machine is 
the patio of the work usefully performed 
to the total energy supplied, i.e, 

_ Work usefully performed 
^ Energy supplied 

A perfect machine would utilise all 
the energy supplied; thus the efficiency 
of a perfect machine is denoted by 
unity. 

In any type of machine the energy is supplied by some force 
P exerted mi the machine and acting through some distance 


Applied fu 
Force - ' 


I_jiloarf W 


Fig. 63.—Principle of a 
Machiue. 
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work being done, by the machine exerting some force W, 
through a distaiice (Fig. 53). 

When the Applied Force P moves through a distance 
the energy supplied to the machine is The quantity Wtfg 

gives the amount of work usefully performed in the same time. 

Thus the Efficiency of the machine is giA^eri by 


€ = 


Wd. 

Pd,- 


MECHANICAL ADVANTAGE OR FORCE RATIO 


A machine is generally designed so that by applying a 
smaller force P, a load W of considerably greater magnitude 
can be overcome. 


The ratio 


Load overcome by Machine 
Force applied to the Machine 


is known 


the 


Mechanical Advantage, since it usually represents a gam of 

force. 

This is not, howeA^er, invariably the case; a very large 
force P, acting only through a. short distance, may be used to 
raise a small load W through a considerable distance. In this 
case the ratio W/P is less than unity. 

To avoid what is perhaps a misuse of the term Mechanical 
Advantage in cases like this, the more general name Force 
Ratio, suitable for all cases, is sometimes used to indicate the 
ratio W/P. 

Force liatio or Mechanical _ Load overcome 

Advantage Force applied to Machine 


VELOCITY RATIO 


The distances moved through by the Applied Force and the 
Load are in general not equal. If tJie machine were perfect, we 


should have - Pc/^ 


I: 

d(t 


W 


in a perfect machine. 
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This ideal is, however, never realised, and always 


i.e. 


p ^ u: 


Now, in general, the distances and can be obtained by 
inspection of the mechanism, or by measurement of its parts ; 
even if these be enclosed, the distance d^ corresponding with any 
given distance d^ can be measured. It is thus possible always 
to determine the ratio djd^ by simple inspection or actual 
measurement. 

The ratio djd,^ is the ratio of the distances moved through by 
the Applied Force and the Load in the same time ; it is, therefore, 
the same as the ratio of the velocities of the Applied Force and 
the Load. Hate of worJeing is an idea which is more important 
to an engineer than actual work performed, and therefore the 
study of rate of motion is more in accordance with engineering 
ideas than is that of the actual distance moved. The term 
Velocity Ratio therefore is applied generally to the ratio of these 
distances, since the velocities are in the same proportion as the 
distances, i.e, 

■.r ^ • T. • Distance Apidied Force moves 

Velocity liatio = -^ ^— - * 

Distance Load is overcome 


In choosing a machine for any purpose, the Mechanical Advantage, 
or Force Ratio, required should be estimated, and the machine 
chosen should have a Velocity Ratio greater than this by an 
amount sufficient to allow for the frictional losses in the machine 
itself (see note, p. 100). 


RELATION BETWEEN VELOCITY RATIO, MECHANICAL 
ADVANTAGE (OR FORCE RATIO), AND EFFICIENCY 


We have seen that the Efficiency can be expressed in the 
following way— 




This is conveniently re-written as- 

_W/P 

* W 
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^ ' TTfn — Useful Work _ Mechanical Advantagre 
i,e, c — jgngpgy suppUed ~ Velocity Ratio 


Thus if the Mechanical Advantage of a machine is determined 
experimentally, and its Velocity Ratio by inspection or measure¬ 
ment, the PlflScioncy is obtainable as the quotient of these two. 

Note. —After some experience, the probable efficiency of various 
types of machines can be estimated witli fair accura(*y. If the 
Velocity Ratio is determined as already described, the probable 
Mechanical Advantage of a machine can be calculated roughly by 
the relation— 

Mechanical Advantage = Velocity Ratio x Efficiency, 
and hence its suitability for a given purpose can be judged. 


§ 2. Determination of the Efficiency, etc., of Various 
Types of Machines 

A few types of mechanism in common use will now be 
considered, together with the way in which their Velocity Ratios 
can be obtained by inspection. The method of obtaining the 
Mechanical Advantage is practically the same for all types of 
machines. 

PULLEY BLOCKS 

’ The set of pulley blocks considered is one consisting of two 
blocks of three pulleys each (Fig. 54). The upper block is fixed 
to a beam, the lower block being suspended from the upper one 
by a continuous cord which passes over each pulley. The one end 
A of the cord is attached to the framework of the upper block, 
while the other end hangs downward and is pulled by the applied 
force P. The load W is hung from the framework of the lower 
block. 

Expt. 44. Efficiency of a Pair of Pulley Blocks.— ^To 

find the efficiency two determinations must be made. 

i. Determination of the Velocity Ratio by Inspec¬ 
tion. —If the cord Ls pulled down a distance dfj, the total length 
of cord wrapped over the pulleys from B to A is shortened by 
a distance dy This shortening is taken up equally by all the 
vertical jiortions of the cord between B and A, since, all the 
lower pulleys move upwards together. Hence each of the 



OH. VI 


MACHINES 


io: 

portions of the cord between the ui)per and lower pulley 
blocks will be shc»rtened by an amount = since there are 
six vertical portions. 

But the centre of the lower pulley block will be raised a 
distance equal to the shortening of each of the vertical cords, 
i.t, C will rise a distance t/j/6. This 
is the distance through which the 
load W is raised, Le. the distance 
or the Velocity Katio 

t/iX-G. 

In a similar way the Velocity 
Ratio of any system of pulleys can 
be determined easily. 

ii. Experimental Determina¬ 
tion of the Mechanical Advan¬ 
tage. —In most types of apparatus 
designed for laboratory use, the 
weight of the lower pulley block is 
a considerable proportion of the 
actual loads employed. The weight 
of the blocks used in engineering 
works is, on the other hand, quite 
inappreciable compared with the 
loads lifted. 

If therefore the weight of the 
lower pulley block is not included 
in the load, or the part of the 
applied force reijuired to raise it is 
not deducted from the total force 
r, an erroneous idea of the practical 
efficiency of such a system would be given, the value obtained 
being too low. 

We therefore deduct from P the force required to lift 
the pulley block alone, or include the weight of the pulley 
block in W when calculating out the Mechanical Advantage, 
although, strictly speaking, the work done in raising the block 
is not employed usefully. 

If the weight of the pulley block is known, the 

obvious way is to include it in the load W, and to find the 
ratio W/P, considering the pulley block as part of the load. 

If the weight of the pulley block is not known, find 
the force P^ required to operate the machine when there is no 
load hanging from the pulley block. This force Pq is evidently 
required to raise the pulley block alone. Now when a known 



Fig. 54.—Pulley Blocks. 
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load W is suspended from the pulley block, a total force is 
required to raise tlie load W and the pulley block; hence the 
force P required to raise the Tcnown part of the load is given by 

P = I’ - P 

pQ and Pj should be adjusted until the machine just continues 
to work when giveu a slight start. 

Determine the Mechanical Advantage of the i)air of pulley 
blocks, using five or six different loads. An*ange the observa¬ 
tions in one of the following ways :— 


(a) Weight of Pulley Block known = 70 gm. (say). 


Load suspend•'*! 
from niock, 

Wj (in gm.). 

Ap]>liu(l 

Foj'ce, 

P. 

Total Load 
including JJlock, 

W. 

w 

V 

200 

110 

270 

2-45 

400 

190 

470 

2-47 

600 

270 

670 

2-48 

800 

370 

870 

2*85 

1000 

450 

1070 

2.38 


Mean of lust column = Average Mechanical Advantage = 2*44. 


Weight of Pulley Block not known. 

Force rtupiired to raise block alone =?() = 80 gm. (say). 


Load sus))pndcd 
IVom Block, 

W. 

I’otal Applied 
Force, 

IV 

Force required 
for Load W, 
Pi-Po=P. 

W 

P* 

200 

110 

80 

2-50 

400 

190 

160 

2-50 

600 

270 

240 

2-50 

800 

370 

340 

2-35 

1000 

450 

420 

2-38 


Mean of last column = Average Mechanical Advantage = 2*45. 


Note. —If a scale-pan is used either to hold the load W 
or the applied force P, its weight must be included in the 
corresponding force. 

Having determined the Mechanical Advantage and the Velocity 
Eatio of the set of pulley blocks, express the Efficiency as 
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_ Useful Work _ Mechanical Advantage 
“ Energy supplied ~ Velocity Ratio 
The Velocity Ratio is 6, the Mechanical Advantage is 2-45, 

.*. Efiiciency e = ~0-41=41%. 


DIFFERENTIAL WHEEL AND AXLE 

This apparatus is frequently met with in laboratories, and the 
‘ditferentiaU jirinciple it embodies is applied not infrequently 
in practical forms of gearing; it forms therefore a suitable type 
of machine to consider in detail. The applied force P is exerted 
on a cord which wraps round a wheel of 
large diameter (Fig. 55). The wheel is 
fixed to an axle whose diameter is different j uV 
in two parts, and round these two parts of «=!= Aj j | xT 
the axle the two ends of another cord are I j ' 
w’ound in opposite directions. In the hang- 
ing loop of this cord is carried a pulley 
from the framework of which the load W is 
supported as shown in the accompanying P 
sketch. The whole apparatus is mounted on A 

a metal spindle supported on a suitable pair ^ 
of brackets. Epi 

Expt. 45. Compound Wheel and c 

Axle or Differential Wheel and Axle. / 

—The experiment is in two jjarts :— ^ 

i. Calculation of the Velocity X 

Ratio.—When the cord round the large 
wheel is pulled downwards so as to 
unwind it from the wheel, the apparatus 
rotates so that the other cord is wound „ ^ Tiri. , 

up on the axle of large diameter but is 
wound of the narrower part of the axle. 

Consider one complete revolution of the apparatus. Let 
the diameter of the wheel be A, and the diameter of the large 
and small ])ortion» of the axle be b and c respectively. 

The applied! force acts through a distance equal to the 
circumference of the wheel when the apparatus makes one 
complete revolution, ue, 

= ttA, 

In the same time, there is a change in the length of that 
part of the other cord which hangs free of the axle. An 
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amount equal to Trh is wound up on tlie large part of the axle, 
but an amount ttc is wound off the small part, so that the 
free length is actually shortened an amount— 

irh — TTc or 7r(i — c). 

This shortening is taken up equally on the two sides of the 
hanging loop, so that tlie pulley rises a distance only one-half 
the shortening of the loop, Le, the load rises a distance 
= \-K{b - c), or 

^ 2 

The Velocity Ratio is thus 

ttA _ 2A 
ir{b - c)/2 ~~h-c 

Note the factor 2 in the numerator of this expression. 

Measure the diameters of the wheel and the two parts of 
the axle with a pair of large caliii^rs, or measure the actual 
circumferences with string and scale or with a flexible tape 
measure, and calculate the Velocity Ratio. 

ii. Determination of the Mechanical Advantagre.— 
Determine the Mechanical Advantage as already described 
in the case of the pulley Blocks, allowing for the weight of 
the pulley and scale-pans as detailed there (Expt. 44). 

Calculate the value of the Efficiency of the apparatus; this 
will probably be as high as 85 or 90 per cent. 

THE SCREW 

The employment of a screw mechanism for various types of 
machines is extremely common, especially where a very large 
mechanical advantage is required. In practice a screw is often 
incorporated as part of a more complicated mechanism, though it 
is sometimes met with alone. Common examples are the screw 
lifting-jacks used for raising the axle of a motor-car when replacing 
a tyre, or for raising any heavy weight where hand-labour alone is 
available. 

The experimental form of screw is usually fitted with a large 
diameter pulley round which a cord is wound, the cord being pulled 
by weights placed in small scale-pans hanging over small pulleys 
at the side of the apparatus as shown in Fig. 56. The large 
diameter pulley and the attendant cords are usually replaced by a 
T-shaped handle in the practical forms just referred to. 
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On tho screw is carried a large nut fitted with a yoke whicli 
carries the load W. The screw is supported at the lower end hy 
a bearing on which it freely turns, and near the top by a collar 
through which it just passes freely. 

A usual type of apparatus is illustrated 
in Fig. 56, though the framing which 
supports the smaller pulleys over which 
the cords pass is not shown. Other 
forms are frequently met with in 
laboratories. Sometimes the large 
pulley is only pulled by one weight, 
in other cases two cords are fitted and 
two weights are used as shown in 
the diagram. 

The second type is to be preferred, 
a.s, if and Pj, are equal, the screw 
is not pulled towards d1;her side; if 
an unbalanced, single force is used, 
the screw is jnilled to one side of 
the collar, and additional friction and 
wear are caused thereby. 

The nut would tend to turn with the screw as it revolved, 
unless suitable means were taken to prevent this; a guide or a pair 
of guides must therefore be fitted. The usual type of guide is a 
rod fixed to the main framework, passing down from the collar to 
the footstep bearing, and fitting into slots cut in the nut. As the 
screw rotates, the nut cannot turn with it, being prevented by the 
guides, and hence it must move along thd screw thread. The load 
is thus raised or lowered according to the direction in which the 
screw is turned. These guides are not shown in the diagram. 

Expt. 46. Determination of the Efficiency of a Screw.— 

If the screw is to work efficiently, it is essential to keep the 
two bearings and the guides well oiled, and particularly to oil 
the thread of tfoe screw itself as most of the friction is between 
the screw and the nut. 

i. Oalculation of the Velocity Ratio. —Let the diameter 
of the pulley at the top of the screw be D. Then in one 
revolution the applied force (or forces) moves downwards a 
distance equal to the circumference of the pulley, i,e, consider¬ 
ing one revolution of the screw— 

dj == ttD. 

In the same time, the screw advances one turn in the nut* 
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{.e, the nut is raised a distance equal to the * pitch ^ of the 
screw. If the pitch of the screw is ^>, evidently 

♦ ttI) 

and the Velocity Ratio 

Measure the diameter of the pulley with large callipers, 
taking care to measure the diameter across the bottom of the 
grooves where the cords lie, or measure the circumference 
witli string and a scale. Measure tlie pitch of the screw by 
pressing a piece of clean paj)er into contact with the thread 
for some distance along the screw, and measure the length of, 
say, 20 threads. Do not forget that the pitch of the screw is 
the distance between two similar points on successive turns of 
the Siime thread (Fig. 7). 

Calculate the Velocity Ratio. 

ii. Determination of the Mechanical Advantagre.— 

Determine the Mechanical Advantage as described in Expt. 44. 
In this case, the weight of the nut and yoke cannot be 
found, as the nut is fixed to the screw; it must therefore 
bo allowed for by finding the force required to lift the nut 
and yoke alone, and deducting this from the total force required 
when a load is suspended from the yoke. 

If two cords are fitted to the large diameter pulley, tlie 
applied force is equal to the sum of the two weights suspended 
from the cords. 

Find the Efficiency of the screw; it will be found rarely to 
exceed 20 per cent even if kept well oiled, and may l>e as 
low as 7 or 8 per cent if the screw has got rusty through 
lack of care. 


WHEEL GEARING 

No account of machines would be complete without some 
reference to the most common of all types of gearing—gearing 
by means of toothed wheels. This type of gearing is of great 
adaptability and appears in various forms in all kinds of 
machinery—in watches, motor-cars, lathes, travelling - cranes, 
etc. We shall limit ourselves to considering a simple train 
of wheel gearing, and, to avoid complication, a numerical case 
will be taken. 

Spindle A carries a large diameter drum of radius 16 cm. On 
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the same spindle, rigidly fixed to the drum, is a toothed wheel with 
20 teeth. 

This engages with the teeth of a wheel mounted on B having 
80 teeth in its circumference, so that the large wheel on h rotates 
once for eveiy four revolutions of A. Fixed to this large wheel on 
B, is a small wheel with 20 teeth whicli engage with the teeth on 
a lai‘ge wheel on spindle C. This has 100 teeth in its circumference, 



so that the spindle C revolves once for every five revolutions of B, 
or every twenty revolutions of A. On the third spindle C, is a 
small drum of radius 2-5 cm., round which passes the cord 
supporting the load W, the cord being wound so that as P falls, 
W is raised. 

It is simplest in this case to consider the effect of one revolution 
of spindle C. 

In one revolution of C, the load W rises a distance equal to the 
circumference of the small drum, i.e, d2~27r x 2-5 cm. 

For every revolution of C, A revolves twenty times, and hence 
P acts through a distance e<|ual to twenty times the circumference 
of tlie large drum, t.c. == 20 x 27r x 15 cm. 

The Velocity Batio is therefore ^ 120. 

27r X 2*5 

Expt. 47. Determination of the Efficiency of a System 
of Wheel Gearing. —Calculate the Velocity Ratio of a system 
of wheel gearing, as described in the foregoing example. 
Determine experimentally its Mechanical Advantage as in 
Expt. 44 and deduce its Efficiency. 
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The EflSciency of a wheel gear train depends very largely on 
the accuracy with which the teeth are cut: a well-cut set of gear 
wheels may have an efficiency of 95 per cent in a simple train 
such as that described. 

Note. —The terms Weight and Power are used frequently for 
the quantities W and P dealt with in this chapter under the names 
Load and Applied Force. The use of a general term Weight 
for a particular and special quantity is objectionable; the term 
‘Load^ has no special scientific meaning, and its use is preferable 
to the use of ‘Weight' in this connection. The term ‘Power* 
has a definite and particular scientific significance, namely the 
‘rate of doing work.* It must not therefore be used in the sense 
of force. The term ‘Effort* is used sometimes to indicate this 
quantity P, but it is not by any means universally employed* 



CHAPTER VII 


ELASTICITY 
§ 1. General Theory 

When a force of any kind acts on a body, the body is deformed 
to a greater or less extent. This deformation will, in general, 
disappear if the force ceases to act. The restoration takes 
place as a result of that property of the body itself, which is 
called its elasticity. 

HOOKE’S LAW 

The foundations of the subject were laid by Robert Boyle 
and his assistant Hooke, and the most important law connecting 
the force acting and the deformation produced is known as 
Hooke’s Law. This may be stated as Tension is proportional 
to extension, or in more exact language, Stress is proportional 
to strain. Hookers Law is only true up to a certain point; if 
the stress acting on the body exceeds a certain value, the body 
will not return to its original dimensions when the stress is 
removed. The largest deformation which does not leave per¬ 
manent distortion is called the elastic limit of the substance. 
Up to the elastic limit, Hookers Law holds good to a close 
degree of approximation. 

DEFINITION OF MODULUS OF ELASTICITY—STRESS 
AND STRAIN 

In order to compare the elastic properties of different 
materials, it is necessary to obtain quantitative knowledge of 
the deformations produced by various types of forces. 
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Stress, —So far as amount of deformation produced is 
concerned, the effect of a force is found to depend on the 
magnitude of the force and also on the area over which it is 
spread, the effect being proportional to the force unit area. 
Stress is defined as the force exerted per unit area. 

Strain. —A given stress produces a deformation depending on 
the size of the body on which it acts. Tensile stresses of equal 
magnitude acting on similar wires of different lengths will 
produce elongations in the wires in the same proportion as their 
lengths. The effect of a stress, then, is to produce a certain 
deformation per unit dimension of the deformed body. 

Strain is defined generally as the distortion per unit 
dimension, or, Strain is the fhaetional distortion. 

Any Modulus of Elasticity is defined as the quotient of the 
Stress acting and the Strain it produces. 

Stress 

Modulus of Elasticity = — • 


Definitions of the Various Moduli.—1. Young’s Modulus or 
Coefficient of Tensile Elasticity. —The stress considered in this 
case is a linear tensile stress, the strain being the corresponding 
elongation per unit length. 

If a tensile force F acts on a fibre of length L and of cross 
section A, the tensile stress exerted on the wire is F/A. If the 
whole length is elongated on amount ic, the strain is r/L. Young’s 
Modulus is therefore expressed as 




or 


E= 


Ajt’ 


2. Modulus of Rigidity, or Modulus of Shear Elasticity.— 

Imagine a block of material (say indiarubber) in the form of a 
rectangular parallelepiped, fixed down at one side to a horizontal 
bed and with a plate firmly fixed to the upper horizontal face. 

If this plate be pulled horizontally with a force F, the whole 
block will be deformed so as to have the shape shown by dotted 
lines in Fig. 58. 

The force F is distributed through the plate so as to act 
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uniformly over the whole of the top area A; the stress is 
therefore F/A. This is called a Shear Stress. The top layer of 
particles is displaced horizontally a distance d from its original 



aide 


Fio. 58.—Shear Stress and Shear Strain. 


position relative to the particles in the lower surface. The 
lateral displacement between two surfaces unit distance apart 
is called the Shear Strain. Thus the Shear Strain = d/D, 

The Modulus of Shear Elasticity is therefore 

F/A^FD 
d/l) ~ dA 

N'ote. —Only a solid can possess tensile and shear elasticities. 

^ 3. Bulk Modulus, or Coefficient of Volume Elasticity.— 

If a pressure is impressed upon a body having a volume V, 
and the resulting change of volume is v, the force applied per 
unit ai'ea is 7 ?, since pressure is force per unit area; hence the 
Stress 

The Strain is given by r/V, since the distortion produced 
is V, and the dimension distorted is V. 

The Bulk Modulus is therefore = • 

vJV V 

It is not always possible to take a body initially in an 
unstressed condition, and hence a slight modification of the 
original definition of a Modulus of Elasticity is required. 

If Hookers Law is true, the Modulus of Elasticity is a constant 
property of a given material under fixed conditions. It is 
therefore true to say that if the stress is increased, 


Increase of Stress 
Ineri^e of Str^n 


Stress 

- Modulus of Elasticity* 

Strain 
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The first of these fractions is used frequently in measuring a 
Modulus of Elasticity. 

In the case of a gas, where Hookers Law does not hold good, 
vre use the quotient increase of pressure divided by the cor¬ 
responding volume strain to express the Bulk Modulus of the 
gas in any given conditions. 

It is unnecessary to measure the Bulk Modulus of a gas, as 
it can be calculated from theoretical considerations. To measure 
it for solids or liquids presents great difficulties. Wo shall limit 
ourselves therefore to considering the experimental methods of 
determining Young’s Modulus and the Modulus of Eigidity. 

Note.— A Stress is always a force per unit area and must 
be expressed in dynes per sq. cm. or other units of similar 
dimensions. A Strain is a ratio and has no dimensions. 

Stress 

A Modulus of Elasticity = - ^ , and is therefore expressed 

Strain 

in the same units as those used for the Stress considered, ie 
in dynes per sq. cm. if C.G.S. units are used. 


§ 2. Young’s Modulus 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 
OF A WIRE 

The apparatus required for the experiment consists of two vertical 
wires with their upper ends fixed close together on the same support. 
One is stretched by a constant load which need not be known, wdiile 
the other carries a scale-plan A, in which any desired suitable load 
may be placed. The first wire carries a short scale C, while on the 
second wire , is mounted a vernier B which slides freely over the 
scale C.^ The two wires should be of the same material and size. 

By this method of using two exactly similar wires, serious 
sources of error are avoided :— 

Any yielding of the point of support when the load A is increased, 
will depress the scale C to the same extent as the vernier B is 
depressed, and hence will not bo recorded. Similarly any change 

^ We “believe that this arrangement of the scale and vernier on two parallel 
wires originated in the Wheatstone Laboratory of King’s College, London. 
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in the length of tlio wire duo to temi>erature variations is not 
registered, as both wires are affected equally. 

If we maintain a steady force on one wire, and aj^ply different 
forces to the otln'r, any elongation due to these additional forces 
will be registered by a motion of the vernier B 
along the scale C. 

The length of the wire ami its radius may 
be nu'asured by ordinary methods; hence the 
elongation strain produced by a known stress can 
be found, and the value of Young’s Modulus for 
the material determined. 

48. Determination of Young's 
Modulus for a Wire. — Id ace a suitable load, 
say '2 kgm., on the scale-})an attached to the ^ 
wire under test, to take out any slight bends 
in the wire. Note the reading of the scale C 
and the vernier B. 

Increase the load by suitable st('[>s, say 2 
kgm., to a maximum of 12, noting the read¬ 
ing for each load. Diminish the load by 
steps of 2 kgm. till the original load of 2 
kgm. is reached, taking the reading for each 
load again before it is diminished. I’ake the 
mean of the observations for each load as the 
actual reading corresjKmding to that load. 

If the reading at the end of the experi¬ 
ment differs appreciably from the initial 
reading (with 2 kgm. suspended), it is pos¬ 
sible that the wire has been stretched beyond 
the elastic limit, though the change may be t. v 
due merely to straightening. Kepeat the jMociuhisfor a Wire, 
observations in this case : if a further elonga¬ 
tion remains permanently after removing the load, the experi¬ 
ment must be again r(‘])eat(*d with a new wire, applying a 
maximum load of not more than 8 kgm. 

Measure the diameter w ith great care at several points on 
the wire, using a micrometer screw gauge. The accuracy of 
this measurement is of great importance. An error of 0-01 mm. 
in the diameter is of the order of 1 per cent, and will affect 
the final result with an error of 2 per cent, since the radius 
occurs to the second power. An error of 1 or 2 cm. in 
measuring tho length of the wire is of less importance than 
0-01 mm. in measuring the radius. 
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Measure the length of the wire from the point of support 
to the point where the W’ire is elamjjed to the vernier. 

Tabulate the observations as follows :— 


Load. 

Readings. 

Mean Reading. 

Extension for an 
increase of 6 kgm. 
m mm. 

Load 

increasing. 

Load 

diminishing. 

2 kgrn. 

4 

6 M 

8 „ 

10 „ 

12 „ 

1-13 mm. 
1*33 „ 

1*50 „ 

1*67 „ 

1- 83 „ 

2- 10 ,. 

1-15 mm. 
1-35 „ 

1*55 ,, 

3*67 „ 

1-87 „ 

1*14 mm. 
3-34 

1-53 „ 

1- 67 „ 

1*85 „ 

2- 10 „ 

^^(2 to 8) = 0*53 
^(4 to 10) = 0'51 
^^(6 to 12) = 0*57 

^ i 


Mean extension for 6 kgm. =0-537 mm. 

= 0-0587 cm. 

Radius of wire (mean of four determinations) = 0-675 mm. 

= 0*0675 cm. 

Lengtii of wire from support to vernier = 250 cm. 

The StresB produced by a load of 6 kgm. suspended from this wire 

_ _ Force 

Area of cros.'- section of wire* 

The force is the weight of 6 kgm., i.e. =6000 x 981 dynes. 

The area of cross section is tt x (0*0675)® sq. cm., 

i.e. Stress due to 6 kgm. 404,000,000 dynes pel sq. cm. 

Stress = 4*04 x 10® dynes per sq. cm. 

The Strain produced by the addition of a load of 6 kgm. 

— Mean elongation for 6 k gm. 

Lengtli of wire from support to vernier 
_ 0*0537 
250 

= 0*000215 or 2*16 xlO-^. 

Young‘8 Modulus for the wire is therefore 
Stress_4*04 X 10* 

Corresponding strain~2*15Vl0~^ dynes persq. cm. 

= 1*88 X 10^® dynes per sq. cm, 

^ Plot a curve showing how the extension of the wire varies 
with the weight suspended from it. Show that the plotted 
points follow approximately a straight line. 
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Attention must be directed to two points in the foregoing. First, 
note the way in which the extension is worked out in the last 
column of the table. 

It is said frequently that the average elongation for 2 kgm. 
should be taken, and this value used for determining the Modulus 
of Elasticity. This is done by taking successive differences between 
the numbers in the last column but one, adding together these 
successive differences and taking their mean. By this method, 
however, any additional accuracy which might have accrued through 
taking six observations is lost completely, the result depending 
entirely on the first and last observations. Each of the intermediate 
observations is taken into account twice, once positively and once 
negatively, and is thus without effect on the result. If the six read 
ings are denoted by A, B, C, D, E, and F, successive differences are 
A ~ B, B - C, etc., and their mean is 

(A-B) + (B-C) + . , . + (E-F)_A-F 
b 5 • 

That the difference in the result may be considerable is shown in 
the sample set of observations given, the extension for 6 kgm. by 
this method being 0-576, as against 0-537 by the method opposite. 

In the method given in the table each observation is taken into 
account once only, the result therefore depends on alf the readings 
taken and is correspondingly more accurate. 

The second point to which attention must be directed is con¬ 
cerned with the measurement of the length of the wire. The whole 
wire is stretched by the load on the scale-pan A, but the extension 
meamred is only that suffered by the part of the wire between the 
point of support and the vernier. In calculating the strain this 
length is therefore the length to be used as the denominator. 

N.B. Tlie loads used must he chosen to suit the wires under test. 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 
OF A BEAM 

The apparatus required for this experiment consists of two 
knife-edges across which the ^ beam ’ can be rested, a scale-jian or 
hook supported from the middle of the beam, and some convenient 
method of determining the extent to which the centre of the beam 
is depressed. If the rod is very thin so that the depression 
for (say) 1 kgm. is considerable, a metre scale placed vertically 
behind the rod can be used for measuring the depiession of the 
centre, the division opposite to the top or bottom face of the rod 
being observed. If the rod were fairly stiff, very large forces would 
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be recjuired to produce a bending which could be measured with 
sufficient accuracy in this way. it is preferal>Ie to use mod(Ta.te 
forces and eni[)loy some more delicate metliod of measuring the 

depression. For this })ur])ose a 
vertical scale may be attached to 
the centre of the rod and observed 
by a fixed low-power nncrosc()[>e. 

Beam on two supports A&,B As the centre of the rod is de- 

P.o.co.-Youui!sModuh,»f«raB»n.. presseil, the scale moves down- 

wards relatively to the m icroscope. 
The reading of the scale seen coincident with the cross wire of the 
microscope eye-piece is taken for various loads, and thus the de[)res- 
sion of the centre of the rod is measured. Or the scale may move 
over a fixed vernier and its depression may thus be measured with 
a fair degree ol accurai^y. 

Exp'p. 49. Determination of Young’s Modulus for a 

Beam. —Apply various loads on the scale-]>au or hook and 
note the corresponding [lositions of the centre of the beam. 
Increase the load by equal amounts, taking six or eight 
observations both with increasing and with decreasing loads : 
the maximum load a])plied should be a]>pr()a(;hiiig the higiiest 
load which tlie beam can carry in safbty, but should not ex¬ 
ceed this amount. 

Tabulate your observations as in finding Young’s Modulus 
for a wire, and find the imwui dej»ression ?/ for a load W by 
the method described thenun for determining the dongation 
for () kgm. 

Measure the length of the beam between the knife-edges; 
also the breadth and thickness of tlie beam. 

Let these be L, and d reBj)e.(‘.tively. Tlieii it can be shown tliat for a 
har of rectangular section^ the relation between the depression of the centre y, 
the load W, and the diinensions of the beam is given by 

WL» . 

where E is Young’.s Modulus for the material of the beam. 

Calculate Young’s Modulus from tlie expression 

P- 

^~4b^y 

As an alternative method of W'orking out the observations, the de¬ 
pressions 2 / 1 , 2 / 2 ) 2 / 3 , etc., of the centre of the beam eorresjionding with loads 

Wj, Wgj etc., may be obtained, and the mean of the quotients 

“^^8 + X .1 1 r 2/1 ’ y 2 

, etc., taken as the mean value for —. 

Vz y 
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W 

Tins is for - * in Uu', oxjn’cssion 

U 


K- 

Ud^ Vl/7 


and tbo value of E is calculatod. 

W iiiiist ])e ('xpressed in dynes, .and flic otlior qu,antities on the right-hand 
Hid(‘ of the equation in centimetres. 

As additional exeroises on this tyjte of experiment th(3 following are 
suggested :— 

Kxi* i\ hO. For a given load the depression of the centre of a beam 
varies directly as the cube of its length. 

Idiis is sliowii hy finding y for the .sanie loatl when the supporting 
knife-edges an! at dilfereiit distances ajairt. If tlic d(!j)ressions arc 
V\i V'l^ V'M flistanctts a]»art equal to ]jj, et(!., tlio values of 

etc., sliould all be (M|ual. The load must be acting at tbc point 

Jjl Jj2 

Jiiidway laitwccn the knife-edges in each ease. 

Expr, f)!. The stiffness of a rectangular beam varies directly as 
its breadth and directly as the cube of its thickness (depth). 

Find y for tln^ same load exerted on the same beam with the knife- 
edges kept at a constant distance, hut with the beam resting first on tlio 
‘flat' side and then on the ‘edge.’ In the first case the flat side is the 
breadth (/>) and the edge is tlie deptli (d), these qu.antities being 
interchanged in the second case. 

Sliow that bd^y has the same value in the two cases. 


YOUNG’S MODULUS FOR A CANTILEVER 

A Cantilever i.s a loaded beam fixed liorizontally at one end. 

If a cantilever lias a load W suspended at the extreme end, the 
depression y of the end is given by the equation 

4WL3 

if the beam is of rectangular section. 

Expt. 52. Determination of Young's Modulus for a Cantb 


lever. —Clamp one end 
of a metre s(?ale to the 
to}) of a t4ible so that the 
metre scale extends hori¬ 
zontally about 90 cm. 
beyond the table edge. 
Place various loads at 




^Clatnp 




^ CantHeuer 

Fin. 01.—Vtnnig’s Modulus fora Cantilever. 

the extreme end of the scale and measure the depression of 
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this end for each of the loads applied. One of the methods 
already described for a beam on two supports may be used for 
this measurement. Measure the length of the beam beyond 
the table, and also its breadth and thickness. Deduce the 
value of Young’s Modulus, E, for the material (usually box¬ 
wood) by means of the equation above. 


§ 3. Modulus of Rigidity 

MODULUS OF RIGIDITY FOR.A MATERIAL IN THE FORM 
OF A CYLINDRICAL WIRE 

The Modulus of Rigidity has been defined earlier in the 
chapter, taking the case of a block fixed at the base and sub¬ 
jected to a tangential shearing force F distributed over its upper 
face. It is impossible, however, to determine the Modulus of 
Rigidity of any material (except india-rubber) in this way, as 



the deformation d produced by any practicable force F would 
be too small to measure. 

Twisting a Wire.—When a couple is applied to one end 
of a wire, the other end being kept fixed, the wire is twisted 
through an angle which is proportional to the twisting couple 
applied. 

The wire may be considered as consisting of a number of thin 
concentric cylindrical layers. Each of these is in a state of 
shear when the wire is twisted. Thus a layer of particles 
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originally along AB is displaced into the dotted line A.'r>, when 
the upper end is twisted through the angle 0 (Fig. (> 2 ). 

If the cylindrical layer could be spread out Hat, it would 
form a rectangular sheet when the wir-e was not twisted, but ils 
shape when the twist was produced would be as shown dotted 

(A'BBA'). 

The relation between the angle of twist, the dimensions of 
the wire, and the twisting couple may be expressed by saying 
that to twist a wire I crii. long and of a crii. radius through an 
angle 0 radians i-erpiires a couple C, given })y 

^ rrna^B 

where n is the Modulus of Rigidity of the wire. 

In general, we measure the twist in degrees. Let the twist 
in the length I be 


Then 

0 radians = x . 


' 180 

Thus 

,, TT'iud/ TT A 

21 Vl80' / 


c V’ 

360 /T 


APPARATUS FOR DETERMINING THE MODULUS OF 
RIGIDITY OF A WIRE BY TWISTING IT 

The wire may be fixed either vertically (Figs. G3 and 64) or hori¬ 
zontally (Fig. 65). One end A is clain])ed rigidly to the sii])porting 
framework (not completely shown), and the other, passing through a 
suitable bearing to keep it steady, is clamped to the middle of a 
pulley B. A pointer C on the wire moves over a scale of degrees 
mounted near to the pulley end of the wire, and by its means the 
twist </>** produce<l in that jxirt of the wire between the pointer and 
the fixed end by couples exerted on tlie ])ulloy can be measured 
readily; sometimes the scale of degrees is mounted on the pulley, 
and a fixed pointer is used (Fig. 64).’ 

The couple applied to twist the wire is exerted by weiglits sus¬ 
pended from cords which wrap round the pulley, as shown in the 
diagrams. It is preferable to use two e(jual forces, acting along 
parallel lines in opposite directions, so that there is no ‘ side pull * 

Ki2 
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on the wire, though in the case where the wire is fitted horizontally 
the usual method is to use a single force only, as shown. The effect 




Pio. 63.—Modulus of Higidity— Pio. 64.—Modulus of Tllgidiiy— 

Apparatus with Movable Pointer. Apparatus with Fixed Pointer, 



of *side pulp is to introduce friction between the bearing and 
the wire, which impedes somewhat the free turning of the wire 
under the twisting couple. 
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The twisting Cvmple exerted on tlie wire hy equal nia^s(>s M hang¬ 
ing from cords i)assing round the pulley of diameter D is given by 

C-Mr/T). 

If a single cord is usi'd, 



We have si‘(*n alrc'ady that 


TT-nh? , 


t]i(‘relorf‘, considering the case where the pulley is fitted with 
two cords carrying equal masses M, we have 


Wlieiiee 


^ TT-a^fi 

^•''^= 300 /'/' 

_3C0^/M 


'1. 


«>7' 


If a single cord is fixed to the pulley and carries the 
load M, 

M</D -TT-a^W JO 

z 


and 


360 / 


Expt. 53 . Determination of the Modulus of Rigidity of 
a Wire. —Note the zero reading of tlie pointer Cl, i.e. the 
reading of the pointer on the scale of degrees when the wire is 
subjected to no twisting collide. Attach various loads to the 
cords and note the corresponding twists produced. The load 
sliould be increased in e<iual steps up to the largest used. 
If the pulley is twisted by two cords, the loads attached to 
the cords should be eipial. Take the readings of the angle 
of twist as the couple is being increased, and again for the 
same values of the couple wiion the loads are being removed. 

If the observations taken with the couple decreasing do 
not correspond with those taken when the couple was being 
increased, the rod has either been twisted beyond the elastic 
limit, or else the clamps do not grip the rod sufficiently firmly 
and the rod lias turned a little in the clamps. 

These results should be discarded and a new series taken, 
using a smaller maximum load, the maximum lieing reduced 
to such a value that the two sets of readings are identical 
(within limits of experimental error). 
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Measure the diameter of the pulley B, the radius of the 
wire twisted, and the distance A(J between the fixed end of 
the wire and thi'. pointer. Tabulate the observations as 
shown below ;— 


Load (*n (oacli) 
(lord 

M. 

'J'wist ill 

M increasing. 

legreen 

M diminiahirig. 

Mean 

twist 

M 

V 




1 



Mean - . . . • 

Length of wire from A to C = 7= . . . cm. 

Kadiu.s of wire (mean of 4) —/fc— . . . cm. 

Diameter of pulley B=:;D= .... cm. 

If preferred, the mean value of corres])onding with an increase 
in the suspended masses ecjiial to M can be found in the manner 
detailed in the determination of Young’s Modulus for a wire. 

Substitute the mean value of M/</)° in the aj^propriate equation 
given above for n and calculate the value of 7u 

riot a graph showing the way in which the angle of twist 
varies, as M is increased. 


CALIBRATION OF A SPRING AND METHOD OF USING A 
CALIBRATED SPRING AS A BALANCE 

Hooke’s law, that tension is proportional to extension, holds 
generally, even where the strain imposed on a body is not so 
simple as the strains in the cases just considered. 

A typical case is offered by a spiral spring subjected to a 
tension along the axis of the spiral, the movement of the index 
along the scale (indicating the elongation of the spring) being 
accurately proportional to the applied force. 

The object of the present experiment is to calibrate a Spring 




OH. VII 


ELASTICITY 


123 


Balance ; that is, for any point on the scale to determine the 
force required to elongate the spring till the index is at that point. 

Expt. 54 . Calibration of a Spring Balance. — Tlie apparatus 
employed usually tiousists of a frame of wood or metaJ to on(‘. end 
of which is attached the end of a spiral spring. At tlu^ other end 
of the spring is an index which moves freely over, and just in 
contact with, a scale screwed to the frame. A small scale-jjan is 
hung at the end of a cord attachc'd to the end of the s])ring. 

Eix the framework so that the 8})ring and scale are vertical, 
with the index just touching the scale, and note the zero reading, 
z.fi. the reading when no load is applied to the s})ring. 

Then take a series of readings of the ]>osition of the index 
for gradually increasing loads and tabulate the results. 

Be careful not to exceed the elastic limit; the spring must 
never be stretched to such an extent as to bring the index 
beyond tlie scale, for the length of the scale is usually arranged 
to give almost the maximum motion allowable. 

The results of the o})servations must now bo plotted on 
squared pa])er, taking tlie load as abscissa, and the scale reading 
as ordinate. Tlie graph should be drawn on as large a scale 
as possible. 

If the strain be exactly ])ro]>ortional to the load, the points 
should lie on a straight lin(\ Draw a straight line passing 
between the observed points. 

The graph may now be used to determine an unknown load. 
Find the extension which the load produces \\4ien attached to 
the spring, and read off from the graph the load corresponding 
to the observed scale reading. 

§ 4. The Energy of a Strained Body 

If a body is deformed by a force, the force producing the 
deformation has acted through a certain distance. A certain 
amount of work has thus been done on the body by the force ; 
this work is stored up in the body as Strain Energy. The 
e.G.S. unit of work is the Erg, which is defined as the work 
done when a force of 1 dyne moves its point of application 
through 1 em. 

When a wire is stretched I cm. by a force F dynes applied 
gently, it might appear at first sight that the force F acts through 
the whole distance 1, and that therefore an amount of work equal 
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to ergs should be stored in the wire due to its straitied condi¬ 
tion. Actually, however, the full force F does not act on the wire 
until the full elongation I has been produced ; it is applied ffcntly 
to the wire, i.e. at first the major part of the force is supported 
by the experimenter, and only a small fraction is allowed to 
act on the wire. As the wire stretches, the experimenter takes 
less and less of the force, allowing a continually increasing 
proportion to be supported by the wire until eventually the 
wire supports the whole force and is elongated the full amount L 

While the force F has been acting, 
it has certainly done an amount of work 
equal to FZ ergs, but part of this has 
been taken by the experimenter in 
allowing the force to come into action 
gently, only a portion of the total 
work FZ having been done on the wire. 
Actually, half the total energy FZ is 
absorbed by each. 

Consider the work done by a variable 
force / whose magnitude changes with 
the displacement of its point of appli¬ 
cation in the manner shown in the curve (Fig. 66). This curve 
is drawn irregular of set purpose so that the result obtained 
from its consideration may be taken as true generally. 

When the point of application is at A, the force has a certain 
magnitude= AC ; in moving its point of application to B, the 
force increases to a value /g = BD, its average value during the 
displacement being equal to some quantity / (called ‘/bar^)— 



Fig. 06.—Work done in straining 
a Bo<iy, 


J ey 


The work done in this displacement is evidently equal to 
/x AB, and is represented by ABCD, the area under the curve 
between the ordinates considered. 

The work done in any other displacement would similarly 
be equal to the corresponding area under the curve, and hence 
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the total work done by the force up to any displacement is 
equal to the area under the curve from the origin to the 
ordinate at the point considered. This rule is true for any 
force-displacement diagram, however the 
force may vary. 

In dealing with strains, the force 
producing an elongation is proportional 
to the elongation produced, hence the 
force-displacement curve is a straight 
line. The area under the curve up to 
the ordinate corresponding with any 
given displacement is triangular; its fk;. 67.—strain Energy in a 
area is JF/ (Fig. 67). 

Hence the Strain Energy in a wire when a force F causes 
an elongation I cm. is equal to |F/. 

If E represents the strain energy in the wire, 

E ■ |F/ - I stretching force x elongation. 

It is impossible to prove by simple experiment that E = JFZ 
ill the case of an ordinary straight wire, but with a spiral spring 
the truth of this statement can be demonstrated without difficulty. 

The Energy stored in a spiral spring is equal to half the 
product of the force it exerts and its elongation 

Steady Application of a Force. —Allow a mass to hang 
from a wire spring, letting its weight come into action gradually 
upon the wire : a steady elongation is produced etpal to (say). 
The force now exerted by the sirring is some force Fj, which is 
etjual to Mj,r/, since the mass remains motionless at the end of the 
spring. 

We "wish to show that the energy now stored in the spring as 
Strain Energy is given by E^ --- |.F/r 

Sudden Application of a Force. —Suppose we allow a mass M 2 
to rest lightly at the end of a spring which is entirely unstrained, 
the mass M., being su])ported by a small platform. If the plat¬ 
form is now removed quite suddenly, the whole of the weight 
of the mass Mg comes into action on the si)ring. As the spring 
stretches, the Potential Energy lo.si by the falling mass is partly 
converted into Kinetic Energy of the mass and partly is stored in 
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tlie spring as Strain Energy. After moving some distance the 
mass Begins to slaelnm in its fall, and eventually comes to rest 
mmiieAitarily aftm* falling some distance 

It now has no Kinetic Phiergy, and tliereforo at the instant 
when the mass first comes to rest, the whole of the 
Potential Energy it has lost in falling is stored in the 
spring as Strain Energy. 

^lie .Potential Energy lost By the mass in falling this distance is 

aiid we know, tlierefore, that when the spring is stretched a 
distance the amount of strain energy stored in the spring is 
ergs. 

If i\e 80 adjust this mass ]\L> that its sudden fall produces a 
maximum elongation (‘(jual to that jwofluced By a mass applied 
steadily, we can test the truth of the equation E = ^F/ quite easily, 
for, writing I for /j or /.>, these Being equal, the energy in the sj)ring 
(E|) is Mo;//, and the tension in the spring is E^ = Mj//. If therefore 
Mo=|M^, we have verified ex]»erimentally that the energy of a 
strained Body elongated an amount I by a forco E is equal to JPV. 

Expt. 55. Determination of the Energy of a Spiral Spring. 

—Ivemove the scale-]>anfrom a si)iral spring. A])i»ly a load 
sufficient to stretch the si)ring nearly to the end of the scale 
when ajjplied gently. Note the steady elongation and the 
mass used, Mj. 

Adjust another load, Mg, so that when it is allowed to drop 
suddenly from a point where the spring is just ni}t supporting 
it, the first sudden elongation of the spring may be equal to 
the steady elongation produced by the load M^. 

Ikqjcat these observations for several different elongations. 

Arrange your observations in tabular form thus :— 


Elongation, 

i 

cm. 

Load recpiired to produce it. j 

M 2 

Ml 

(a) Api>Iied steadily, 
Ml gm. \vt. 

(h) Applied suddenly, 
M 2 gm. wt. 

10.3 

107 

52 

0.486 

8-4 

87 

45 

0.617 

6*5 

67 

3.3 

0-493 

4..'» 

1 47 

25 

0.532 

2-6 

27 

16 

0.555 


^ If the scale-pAii is not removed, its mass must ho included in both Mj 
and 
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It will be foiiml that Ma/Miia a])proxiiiiately equal to 0*5, the accuracy being 
much less uith the smaller masses and elongations than with the larger, 
owing to the relatively larger value of the errors of observation. The possible 
errors in reading being ])ra(*tieally the same throughout, they will have a 
greater proportional value in the cases where the total (piantitics to be 
measured are smaller. 

Thus since M 2 /M^ is huind to be equal to 0-5 (within limits of cx])eri' 
mental error), this experiment verities the statement that E= JF/. 



CHAPTER VIII 

DYNAMICS 

§ 1. The Laws of Motion 

Up to the present we have been concerned mainly with mattei 
at rest, or, when we have allowed motion to take place, we 
have studied the results of the motion rather than the motion 
itself. In the division of the subject known as Dynamics, 
we are concerned with the motion itself, as well as with the 
forces producing the motion and the mass moved. 

Newton^s First Law of Motion is equivalent to a definition 
of Force as that which tends to change the state of rest or 
uniform motion of a material body. 

Practically the whole of Dynamics may be said to be an 
application, more or less direct, of Newton^s Second Law of 
Motion, or a study of one or other of the quantities mentioned 
in that law. 


NEWTON’S SECOND LAW OF MOTION 

The changre In the quantity of motion possessed by a body 
when under the action of a force is proportional to the 
magnitude of the force and to the time during which it 
acts: it takes place in the direction of action of the force. 

Quantity of Motion, or Momentiun. — The quantity of 
motion possessed by a body is now called the Momentum of 
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the body. It is defined as the Mass of the body multiplied by 
its Velocity. 

The Momentum of a l>ody possesses directicm as well as 
magnitude, i.e. Momentum is a Vectop quantity. 

The second law may be rewritten as Rate of Change of 
Momentum is proportional to Force. 

We define our Force unit to be such that Unit Force produces 
unit rate of change of momentum, or 

Force = Rate of Change of Momentum. 

Now if a force acts on a body of constant mass the Momentum 
-'bango is due solely to the resulting change of Velocity. Hence 

Force = Mass x Rate of Change of Velocity, 

or finally 

Force = Mass x Acceleration. 


THE PRINCIPLE OF THE CONSERVATION OF MOMENTUM 

If two bodies A and B come under the action of each other 
so that the motion of B is changed due to the action of A, and 
vice versuy these two bodies are said to have been in Collision : 
they need not necessarily have come into physical contact with 
each other. 

The Principle of the Conservation of Momentum states that: 
In any collision, there is, on the whole, neither gain nor loss 
of momentum. This principle can be proved by purely theo¬ 
retical considerations involving the use of the Third Law of 
Motion that Action and Reaction are equal and opposite. We 
shall deal here with its experimental verification, limiting our¬ 
selves to experiments dealing with actual physical contact, and 
to bodies moving in one straight line. 

In considering the total momentum of the moving bodies, 
their directions of motion as well as the magnitudes of their 
momenta must be taken into account. Thus if two bodies are 
moving with velocities and along the same straight line, 
one moving to the right and the other to the left, one of the 
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bodies has a positive, the other a negative momentuin, the total 
momentum being the aUjehmic, sum of the momenta possessed 
by the two bodies. It is immaterial which direction is con¬ 
sidered positive so long as this convention, once made, is 
adhered to during the whole of one experiment. 

Consider a collision between two masses and moving 
along the same straight line with velocities and respectively. 
Their velocities after collision may be indicated by and v.J. 
The principle of the conservation of momentum states that 
Total Momentum before = Total Momentum after impact, or 

ail Vi + atjV^ ~ aiiv/ + m^v./ ; 

the velocities being reckoned positive in one direction and 
negative in the other. 


THE BALLISTIC BALANCE 


An apparatus which is convenient for the experimental de¬ 
monstration of the principle of the conservation of momentum is 
that known by the name of the Ballistic Balance (Fig. 68). 

Two scale-pans, usually of wood, are suspended by sets of cords 




Fio. 68,—Hicks’s Ballistic Balance. 


Fig. 69.—Motion of Scale-pan. 


in such a way that they move over the arc of a circle of large 
radius. The suspending cords are so arranged that the scale-pans 
have no motion of rotation as they swing, their upper surfaces 
remaining horizontal in all positions (Fig. 69). 

In one form, the scale-pans are supplied with pointers which 
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move over a scale stretching horizontally across the base of the 
apparatus, the tJointers being quite clear of, but fairly close to, 
the scale. 

Expt. 56. The Ballistic Balance. —By placing known 
masses on the two pans, the total mass in motion can be 
altered in various ways. The masses added should always be 
placed close to the ledge which is fitted at the ‘front’ of each 
scale-pan, otherwise they will slide about when the pans collide, 
and this will diminish the accuracy of the result. In comput¬ 
ing the masses of the moving systems, and the masses 
of the scale-pans must be taken into account. 

If one S(!ale-})an is drawn aside through a known distance 
and then released it will return to its equilibrium position 
with a velocity that is })roportional to the initial horizontal 
displacement. The proof of this statement will be given later. 

When the first scale-pan strikes the second (supposed to 
be at rest at the start) the velocity of ea(‘Ii pan will be altered. 

It is necessary to determine the velocity of each pan after 
the blow by observing the horizontal distance through which 
it travels; the horizontal distances may indeed bo taken as 
the actual velocities in some arbitrary units not specified. As 
it is impossible to watch both pointers at the same time, it is 
necessary to repeat each experiment a number of times, noticing 
in one set of experiments the maximum horizontal displace¬ 
ment (after collision) of the first pointer, and in tlie other set 
the maximum displacement (after collision) of the other : the 
initial displacement and the masses must of course be made 
the same each time. 

Tabulate the results in the following manner:— 


TJofore Impact. j 

After Impact. 

j Error. 

li 

s . 

a- 

H 2 S 

s ^ 

SB ^ 

Velocity, 

t-l'. 

Momentum, 

mil'i'. 


Velocity, 

Tg'. 

! Momentum, 

Jl 
^ $ 






1 




Since the mass was at rest at first, is zero. The third 
column thus represents the total initial momentum, and the 
tenth column is the total momentum after collision. 
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Express the difference between these columns as a percenta^ge of 
either, and enter this in the last column as the i)ercentage error 
of each set of observations 

In the type of apparatus where a clip is supplied which locks the two scale- 
pans together after collision, the two move on with a common velocity, i.c. 
Ill this form the ix)inter8 can be dispensed with, and the scale-pfins 
can be made to move a small ri<ler along a bar of wood to indicate the first 
maximum horizontal displacement of the two masses after collision. 

In this case the table of observations is somewhat simplified, as is also the 
taking of the observations and the experiment generally. 


Before luipact. 

After Impact. 

I’ercentage 
. Error. 

Mass, 

Velocity, 

Vj. 

Total 

Momentum, 

VliVi. . 

Combined 

Mass, 

mi+iriQ. 

Common 

Velocity, 

Combined 

Momentum, 



I 



i 

1 

1 

1 


The last column in this case is the difference between the tliird and sixth 
columns expressed as a jjercentage of either. 

Proof that the velocity in the equilibrium position is proportional to 
the horizontal displacement. Supi)ose tlie mass m to be displaced from its 
equilibrium ijosition A ton, point B along the arc AB ; the point of support 
is the point O (Fig. 70), und the radius of the arc is OB —R. In moving 
from B back to A, A Joses an amount of potential energy = mgh. 

It posses.ses at A a velocity v in the direction shown, its kinetic energy at 
A being the result of the potential energy lost from B to A, 

i.e, ^mv^—mgh, 

or is proportional to h, 

Now OB2=OC2 + BCr-', 

i.e. R2=:(R-^)2 + BC2, 

whence 2B/i = h^ + Ba^. 

Now BC is large compared with hj and to a close degree of accuracy A® can 
be neglected compared with BC^ : is rarely equal to 1% of BC^. 

Hence very closely we may say that 

BC®=2R^, 

BC® is proportional to A. 


or 
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BC is the initial horizontal displacement of the mass m. 

Now BC- and are both projrortional to 4, lienee BC must be pro¬ 
portional to 2 ’, i.e. the velocity as the body passes tlirougli its equilibrium 
IKiaition is pro}»ortional to the original horizontal 
displacement. 

It may be shown, by reversing the procif, that 
the horizontal distance to which a body will swing 
after leaving its equilibrium position is proportional 
to the velocity it possessed when in its equilibrium 
position, i.e. the velocities after collision are jno- 
portional to the maximum horizontal displacements 
reached after colliding. 

The importance of ensuring that there is no 
motion of rotation of the scale-pans will be seen 
from the above proof. If there were motion of 
rotation, the potential energy at B would not 
appear entirely as linear kinetic energy at A but 
would partly exist as kinetic energy of rotation. 

Hence the statement ^7)iv^=^mgh would be untrue and the i>roof would be 
invalid. 

The way in which motion of rotation is prevented will be seen at once 
from Fig. 69. 



Fig. 70.- 


Velocity in Ballistic 
Balance. 


§ 2. Methods employed for the Experimental 
Verification of the Second Law of Motion 

If a body move with a constant acceleration a, the distance 
through which it moves in a time t is given by the equation 

where is the initial velocity of the body. 

If the body is initially at rest, is zero and we have 
when the Initial velocity is zero. 

The velocity at the end of any time t is given by 

v=Vo+at, 

which reduces to 

v = when the initial velocity is zero. 

These equations are absolute ; they are derived from the 
definitions of the various quantities involved, and cannot he 
verified by experiment. They may be used to determine whether 
a body is moving with uniform acceleration or not. Thus, 
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if the distance s moved over hy a hody in time t starting from 
rest obeys the law 


s 


a constant, 


that body is moving with uniform acceleration, and the value of 
the acceleration is twice the value of the constant obtained, for 

25 

“ = 12 - 


WEIGHT AND MASS 


As an example of the use of these equations, the case of a 
body falling freely under its own weight may be taken. Any 
body if allowed to drop quite freely towards the earth will 
describe in a time t from the start a distance s which is pro¬ 
portional to f-. Thus in the first second it will fall 5 metres 
approximately, while in the first two seconds it falls 20 metres. 
Thus sjf = f) approximately for any body falling freely under its 
own weight, starting from rest, Le, the acceleration due to 
gravity is the same for all bodies and is equal approximately 
to 10 metres per sec. per sec.—more accurately this acceleration 
is 9'81 metres per sec. per sec. in the British Isles, 

Now from the second law of motion we define the unit of 
force in the C.G.S. system to be such that 

Force in dynes = Mass in gm, x Acceleration produced (in 
cm. per sec. per sec.). 

If we denote the acceleration due to gravity by the symbol 
in cm. per sec. per sec. when dealing with C.G S. quantities, 
we have 


.Force in dynes acting on) ,, 
a body when falling freely/ ^ 

Now the force in dynes acting on a falling body is its 
Weigrht. Hence 

The Weight \ f The Mass of 1 | The acceleration due to 
of a body inj = -J the body in f x gravity in cm. per sec. 


dynes 


Igni. 


/I 


per i^ec. 
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If W indicate the weight in dynes, of a liody having a mass 
m gm., we have 

g being 981 cm. per sec. per sec, in the BHtish Isles. 

The simplest way of obtaining a uniform force is by susj>ending 
known masses from light cords, passing the cords over i>ulloys in 
order to direct the action of the force in any desired direction. 
The force acting along the cord in dynes is equal to the mass of 
the suspended body in gm. multiplied by y, the acceleration due 
to gravity in cm. per sec. per sec. 

§ 3. Experiments to illustrate the Second IjAw of 
Motion 

FLETCHER’S TROLLEY APPARATUS 

In this apparatus (Kig. 71), a trolley is mounted on very light 
wheels so as to move in an almost frictionless manner along a hori¬ 
zontal table. To it is attached a cord whicli, passing over a pulley 



mounted at the edge of the table, carries a small suspended mass. 
By hanging different nias.ses from the cord, the trolley can be sub¬ 
jected to various forces, and its motion under these forces can be 
studied; the mass moved can also be varied by placing known 
masses in the holes in the side of the trolley. 

The method of recording the distance moved through, and the 
time taken for this motion, is interesting. A long spring is mounted 
in a firm clamp and carries a light brush at the free end. Fixed 
on the trolley is a sheet of paper which is toucluid lightly by the 
brush. When the trolley is set in motion, the same mechanism 
which releases it sets the long spring in vibration, and a wavy trace 
is drawn on the paper, the brush having been moistened with 
ink. 
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The time taken to make a complete vibration is constfint for 
the spring, ami therefore the number of complete vibrations made 
between two given points may be taken as a measure of the time 
taken to move from one ])oint to the other. 

By taking the distances travelled from the start, during the time 
taken to make ditlerent numbers of vibrations, it is }>ossil>le to find 
from the wavy trace if the relation is constant. 

The Mass moved is the sum of the nifisses of the trolley, cord, 
and hanging mass, together with a small quantity which may be 
called the equivalent nuiss of the qmllet/, and another small quantity, 
the e<j,uivalent mass of the wdieels. The trolley is usually sufficiently 
massive for these other masses to be neglected. 

The Force acting is evidently the weight of the hanging 
mass, pins the weight of that part of the cord which is hanging 
over the pulley. In order to reduce the error due to the weight of 
the cord, an extremely fine, strong line (fishing-line) sliould be 
used, so that its weight is negligible compared with that of the 
hanging mass. Its effect may be allowed for, if necessary, by adding 
to the weight of the suspended mass a quantity equal to tlie weight 
of the average length of the cord hanging beyond the pulley. 

The Acceleration produced. —The quotient wdll be found 

constant, therefore the trolley is moving with constant acceleration, 
the value of this acceleration being 

If only relatire valuf^s are required, tlie units in which the time 
is measured may be taken as the time for one vibration of the 
spring. 

For absolute results, the period of vibration of the spring must 
be known in order that the accelerations may be calculated in cm. 
per sec. per sec. 

The period of vibration is usually stamped on the spring, having 
been determined by the maker of the apparatus, and this marked 
period may be used for this purpose. The spring seldom makes a 
sufficient number of vibrations for the j>eriod to be checked by simple 
means, and the calibration made by the maker has to be accepted: 
this constitutes a serious drawback to this method of timing when 
uJbsolute results are required. 

A method of finding the acceleration is described on p. 172. 

Experiments with Fletcher’s Trolley Apparatus 

Exit. 57. Acceleration is proportional to Force. —Fix a 
sheet of paper on the trolley and attach small masses 10, 20, 
30, 40 gm., etc., to the cord, obtaining traces for the motion 
of the trolley under the action of each force. It is interesting 
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to get all the traces on the same sheet of starting from 

the same 2 )oint in each case. 

The mass moved is approximately the same in each 
case, being altered only by the change in llie hanging mass. 

The forces acting are proportional to the hanging 
masses in the varioiifi cases. 

Show (a) that the distances travtdled in equal times are 
proportional to the suspended masses; (6) that for each case 
2s/t- is a constant, and that the values of the constants in the 
difierent cases are projiortional to the sus])ended masses used. 

Friction Correction.—It is necessary to eliminate or 
neutralise the friction forces if accuracy is to be obtained. To 
do this a small mass is susj)ended from the cord, an<l adjusted 
until the trolley just continues to move when once started. 
The weight of this small mass is then just sufficient to over¬ 
come the friction of the aj^jiaratus for the particular load on 
the trolley^ A ])iece of cop})er wire is a very convenient form 
of ‘ friction rider ^; it should be twisted to the cord and cut to 
the required length with wire-cutters. 

Expt. 58. The Acceleration under a given Force is 
Inversely proportional to the Mass moved. —Using the 
same hanging mass each time, jdace different masses on the 
trolley, obtaining separate traces for eacli mass used. Calculate 
the value for the acceleration of each mass when under the 
action of this constant force, and show that 

Mass moved x Acceleration 

is constant; For a given force, acceleration is inversely 
2 )roportional to the mass moved. 

In this experiment the equivalent masses of the i)ulley and 
wheels may be included if known, though, in general, they 
may be neglected. 

Let M = mass of trolley and load placed on it, 
m = mass of hanging weight, 

X = equivalent mass of jmllt'y, 
and y — equivalent mass of wheels. 

Total mass moved is taken as (M + + or -h y\ 

Notp:. —It is 2 >ossible to calculate a value for the acceleration 
due to gravity from the observations already made, j)rovided the 
acceleration 2slt^ has been calculated in cm. per sec. per sec. Thus 
in any case taken, wy = (M + w-f-ay + y) {28/t'^), since iho force is 
the weight of the Wnging mass; hence y can be calculated. 
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Tlio method is not, however, a good one for this purpose on 
ac(‘ount of tlie faet that tlie (juantities x and y are not accurately 
known, and also on account of the difficulty in measuring t already 
discussed. 

Another method of using the a])pan^tus is to ])lace the trolley 
on a ])lane inclined at an angle 0 to the liorizontal. Tn this 
case the for(;e tending to produce motion along the ])lane is 
my — (M + ?/)// sin i). 


ATWOOD’S MACHINE 

This is an apparatus more widely known than Fletcher^s 
Trolley Apparatus, and one of gieat historic interest. It was 
designed by Atwood (1740-1807), a famous English mathe¬ 
matician, for the purpose of illustrating the laws of motion, 
and for the determination of the acceleration due to gravity. 
In it, the weight of a small rider is compelled to move two 
much larger masses which, suspended at opposite ends of a cord 
moving over a pulley, counterpoise each other exactly. The 
weight of the small rider causes only a very small acceleration 
in the moving masses, since the total mass set in motion is 
large. Hence this acceleration can be measured with much 
greater accuracy than the acceleration the rider would have if 
falling freely alone. 

Atwood's Machine: PiUax Type. —The two equal masses A 
and B are suspended from a cord. The cord passes over a pulley 
W supported on fine bearings at the top of a pillar from 2 to 2-5 
metres in length. Attached beneath A and B there may be a com¬ 
pensating cord of the same type as the suspending cord; this keeps 
the masses of string on the two sides of the machine accurately 
balanced whatever the positions of the masses A and B : it is, how¬ 
ever, inconvenient in practice, and is rarely used. The mass A 
carries a small rider which can be slipped on over the string, so 
that the only unbalanced force in the whole system is the weight 
of this small rider. 

To perform the experiment, B is fixed lightly in the clip, so that 
the top of A is level with a known mark on the scale. The ring C 
is adjusted to some convenient distance below this zero position of 
A, so that A will traverse a known distance under the action of the 



CH. VI11 


DYNAMICS 


139 


weight of the rider. A stop-watch is started and siinultaneonsly 
the clip is oiieiied, therehy releasing with no ivitial velocity. 
When the rider on A is heard to strike the ring C, the watch 


is stopped, and thus the time t required 
to traverse a know'n distance .s is deter¬ 
mined. 

Another method of making the experi¬ 
ment is to use a nu'tronome, and to adjust 
the distance so that the time of fall occupies 
an exact number of beats of the metronome. 

In some forms of macliine a pneumatic 
release is fitted to tlie clij); in others the 
(di]) is replaced by a small electromagnet, 
and the mass V> is lield magnetically, iron 
masses (A and B) being used. All types of 
release are e(]uaily good i)rovided B is re- 
leixsed without any vertical motion, though 
simplicity in use and construction is gener¬ 
ally associated with certainty of action, and 
therefore is to be recommended. 

Experiments with Atwood’s Machine 

Expt. 59. A Body moving under 
the Action of a Uniform Force moves 
with Uniform Acceleration. —Place a 
small piece of copper wire on the mass 
A, adjusting its size so that the masses 
just continue in motion ivHhout other 
rider when gently started. Then the 
weight of this piece of copper wire 
just overcomes the friction of the 
machine — it is called the ‘ friction 
rider' and is kept on A all the time. 

Adjust the ring C to different posi¬ 
tions, so that the masses move through 



Fig. 72 .— Atwood’s Machine : 
Pillar Type. 


distances of 50, 100, 150, and 200 cm. under the action of 


the various riders. 


Find the times taken for the masses to move through these 
various distances, when under the action of riders of different 
weights (say 2 gm,, 4 gm., 6 gin., etc.). At least three values 
of t should he taken for each distance^ and each rider, used. 
Find the quotients ^sji"^ for each set of observations, and 
show that for a given rider is constant. 
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That is, when acted on by a constant force, a mass moves 
•with uniform acceleration. 

Arrange the observations as in the following table :— 


Mass of Rider used. 

Distance s. 

Time t. 

‘Ji 

2 gni. rider . 

r>o 

100 

]r>o 

200 



4 gm. rider . 

60 

100 

150 

200 



6 gm. rider . 

(if used) 

.50 

100 

1.50 

200 


1 


I Mtiaii accelera¬ 
tion with 
( 2 gill, rider 

- 

I Meaii accelera¬ 
tion with 
4 gin. rider 

. . . , 

Mean accelera- 
I tion with 
j 6 gm. rider 

rr.a= . . . . 


It will be found that the sets of figures in the last column 
will approximate to a constant value for each of the riders, 
the value of the constant increasing as the mass of the rider is 
increased. 

Expt. go. Acceleration is proportional to the Force 
acting. —This can l>e shown without further experiment from 
the results in the foregoing table. The total mass moved by 
any of the riders is practically the same, differing only by the 
small differences between the masses of the riders themselves. 
Thus if the acceleration produced in a mass is proportional to 
the magnitude of the force acting on the mass, the accelerations 
ai, ag, ^ 3 , should be in the same proportions as the masses of 
the riders used, t,e. proportional to 2, 4, 6, etc., in the case 
considered. 

Expt. 61, Acceleration for a Given Force is inversely 
proportional to Mass. —By using pairs of masses A and B of 
different sizes, it is • possible to show that a given force pro¬ 
duces acceleration inversely proportional to the mass on which 
it acts. 

This is done by finding from measurements of s and t the 
acceleration produced in different pairs of masses, w^hen they 
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move under the action of the same rider. The products 
(Total mass moved x acceleration) slioiikl he constant. 

It is necessary in this case to know the value of the 
‘equivalent' mass of the pulley. 

The total mass moved in any one case is given hy 
(2M + m + a) gm. (see below). 

Expt. G2. Acceleration due to Gravity. —(i.) Assuming* 
the value of the equivalent mass of the pulley and cord. 


Let the mass of each of the masses 
A and B ~ M gm. 

Let the mass of the rider — ni gm. 

Let the e(]uivalent mass of the 
pulley (and cord) x gm. 

Let the acceleration produced cm. per sec. per sec 

Then Force acting —Wt. of rider ^ dynes, 

Mass moved = (2M -}- m + x) gin. 

Force = Mass x Acceleration. 

Therefore wxj — (2M + w 4* ir)a, 

from which g can be determined. 

Calculate g from the sets of observations for each of the 
riders used in Experiment 59. 

(ii.) Calculation of a value of the acceleration due to 
gravity, eliminating the equivalent mass of the pulley. 


If the same rider is used for different pairs of masses A and 
B, the value of g can be calculated without assuming the 
equivalent mass of the ])ulley to be known. 

Thus if the acceleration produced with a pair of masses 
each ecjual to M' is a\ and the acceleration produced by the 
same rider on a pair of masses each equal to M" is a \ then 


mg — (2M' + + .r)a' 

and mg = (2M'' + m + x)a'j 


X being unknown, 


whence 




Calculate g, using the values of a and a" corresponding 
with the different masses used in Experiment 61. 


The instrument was designed originally for the determination 
of g, the accurate pendulum methods of Kater having not 
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then Leon invented. Its main use nowadays is to demonstrate 
the laws of motion, determinations of (j by its means being of 
a relatively low order of accuracy though possessing historic 
interest. 


Atwood’s Machine: Ribbon Pattern.—In this apparatus 



the e<]ual masses are sus 2 )ended by a paper 
ribbon which ])asses over the flat rim of the 
pulley. A coiii 2 )ensating ribbon is attached 
below the masses as in Fig. 73. A steel 
sowing is fixed at one end and at the other 
carries a fine brush, cliarged with ink, which 
marks the pap(*r at the toj) of the pulley. 
A simj)lc release sets free the S 2 )ring and 
tlie moving masses simultaneously. Plach 
wave traced on the ribbon represents a 
known jieriod of time. 

Tlie same type of experiment can be 
performed with this form as with the pillar 
form of machine, taking the distances and 
times as recorded on the ribbon. The 
value of the acceleration in t?ach case can 
be obtained from the wavy trace, as 
already explained in Fletcher’s Trolley 
A2*[>aratus. (Bee also page 172.) 

Carry out exiieriments exactly as with 
the pillar tyj:>e of machine, using the ribbon 
and sjiring to measure the acceleration in 
the various cases instead of adjusting the 
distance s to different values and noting the 
correspionding times. 

A way of using Atwood’s machine which 
is sometimes employed is to find the velocity 
of the mass A after the rider has been 
removed by the ring and the system is 
supposed to be moving with constant 
velocity. This method, however, is neither 


Fig. TS—Atwood'sMachine: SO convenient nor so accurate as that de- 
Cuaaou'a Eibbon l^atteru. tailed. 
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§ 4. Kotatfon of a Riori> jiody 

ROTATIONAL INERTIA OR MOMENT OF INERTIA 


w Radians per second 


The ‘effect’ of a mass in rotation about an axis depends not 
only on the mass moving but also on the way in which the mass 
is distributed about the axis of rotation. Thus, consider the 
Kinetic Energy of a body as shown 
in Fig. 74, rotating with angular- 
velocity o) radians per second, about 
an axis through O ])erpendicular to 
the plane of the paper. 

Velocity of particle at Fj = 

Velocity of particle at 

etc. 

Kinetic Energy of particle 7//^, at 

Pj = 

Kinetic Energy of particle at 

Po 



p-iG. 74.—Moiiieiil of Inertia. 

Total Kinetic Energy of the Body due to Kotation about O 

= rV(o^ ■*■••*}! 

or indicating the sum of the quantities in the bracket by the symbol I, 
we have 


■ 2 “ i 

etc. 


Kinetic Energy of RoUition = J Iw-. 

The sum represented by I is a property of the body which 
has a perfectly definite value for that body with reference to 
the given axis O, its magnitude depending on the distribution 
of the mass about that axis. It is called the Moment of Inertia 
of the body about the given axis, and is defined by 

or I = 

where 2 denotes the sum of a number of terms of the same type, 
taken for all the particles in the body. 

The Radius of Gyration. —If the total mass M of the body 
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were concentrated into a single particle, and if this ]>article were 
constrained to move in a circular path of radius k by means of a 
light rod with its centre at O, the Moment of Ineitia of the 
particle about the given axis would be By properly 

choosing Jc the Moment of Inertia of this particle may bo made 
the same as that of the given body. For this value of 
MF = I; this length h is called the Radius of Gyration of the 
body about that particular axis. 

The Moment of Inertia would have the same value if the 
matter were arranged in the form of a ring of radius L 

THEOREM OF PARALLEL AXES 

The Moment of Inertia of a body about any axis is ecpial to its 
Moment of Inertia about a parallel axis through the Centre of 
Gravity jkus the product obtained by multiplying the mass of 
the body by the square of the distance between the axes. 

Thus lo, the Moment of Inertia about 
an axis through O, 

= I„ + 

But lo = M^o^, 

so = M^',2 + 

or k^? = k^ + 

Consequently, if we know the Moment 
of Inertia, or the Riidius of Gyration, 
for an axis through the Centre of Gravity, 
we can calculate the corresponding quantity for any parallel axis. 

For a list of Moments of Inertia in some important cases, see 
the Appendix, p. 667. 

LINEAR MOTION AND ANGULAR MOTION 

The following parallels between quantities concerned with 
linear motion and quantities concerned with angular motion 
should be noticed :— 



Pia. 75.—Parallel Axes 
tlirougii U and G. 
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Linear Motion. j 

Quantity. 

Symbols. ] 

Displaceiiieiit 
or distance 

a 

Velocity 

. ds 

Acceleration . 

. dll 

a or a — v=^ 

dt 


.. dH 

Mass 

m 

Force 

Momentum 

/--m.a 

mv 

Kinetic Energy 
of Traiisla- 
tion 

Work . 

force X distance 
moved 

W=/^ 


Angular Motion. 


Quantity. 

Symbols. 

Anglo 

e 

Angular Velo¬ 
city 

A 

Angular Ac¬ 
celeration 

dii3 

a ~ cu = ■— 
dt 


.. d'^d 



Moment of 
Inertia I 

I 

Coujde , , 

Angular Mo¬ 
mentum 
Kinetic Energy 
of Rotation 

Ta 

Iw 

Work 

couple X angle 
turned through 
W = ce 

i 


This table is of great value in dealing with angular motion. 
If a general expression be obtained connecting certain quantities 
in the case of linear motion, an exactly similar expression 
can be written at once for the corresponding quantities for 
angular motion. For examples of this, see Simple Harmonic 
Motion, Chapter IX. 

§ 5. Measurement of Moment of Inertia 

The idea of Moment of Inertia has been obtained above 
from a consideration of the Kinetic Energy of a rotating body. 
It is by measurement of the Kinetic Energy of a rotating body 
that we usually measure its Moment of Inertia. The experi^ 
mental determination of the Moment of Inertia of a rotating 
body is usually carried out by giving to the body a definite or 
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measurable quantity of energy, and measuring the resulting 
angular velocity. 

•^MENT OF INERTIA OF A FLYWHEEL 

When the body is in the form of a wheel with a long axle, the 
following method is one of the most suitable for determining its 
Moment of Inertia about the axis of rotation. At some point in 
the axle, or in a cylindrical rim on the wheel itself, either a small 
hole or a small peg will be required. 

A brass pin is made to fit into the hole and is tied firmly to 
a good length of cord. If, instead of a hole, a peg be found, a 



Fio. 76.—Flywheel with Axle vertical. 

simple loop is made in the end of a cord and this is slipped o\er 
the peg. The cord having been attached in one of these ways, the 
wheel is turned so as to wind the cord round the rim a few times. 
The cord is passed over a pulley if the axis of the wheel is vertical, 
or allowed to hang straight down if the axis is horizontal; to the 
free end is attached a mass of suitable size. 

If now the mass be allowed to fall, it will lose Potential Energy; 
the Potential Energy lost will be converted partly into Kinetic 
Energy of translation due to the motion acquired by the falling 
mass itself, and partly into Kinetic Energy of rotation of the fly¬ 
wheel. If we neglect any frictional losses for the time being, we 
may state from the principle of the conservation of energy that 

/Potential Energy lostl __ /Kinetic Energy! f Kinetic Energy 1 
\ by the falling mass / "" \ gained by mass/ \gained by wheel j’ 

Now if the mass suspended be m gm., and if it fall through a 
vertical distance h cm. before the string is released from the wheel, 
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the Potential Energy lost is ingh ergs. Just as tlic end of the 
string is pulled off from tljo rim, the mass has acquired a veloeity 
equal to V cm. ])er sec. (siiy), and tin? Avlieel an angular velocity 
equal io w radians j)or socoiid. The Kinetic Energy of the falling 
mass at this instant is thus \niv-, and the Kinetic Energy of 
rotation of the wheel is JTco-. 

Thus, neglecting friction^ we have 

In this equation m and g are both known. 

Determination of Jl —The most convenient way of getting an 
accurate value of h is to arrange the length of the cord so that the 



end separates from the wheel just as the hottom of the falling mass 
touches the ground. If tlie mass be started with its base level with 
the table, the height through which it falls while attached to the 
wheel is equal to the height of the table above the floor. 

Determination of v and cu. —There are two ways in which v 
and tu may be determined; both these are described below, but the 
second method is preferable as giving much greater accuracy than 
the first. It also affords a useful means of correcting for friction 
losses (see later). 

Method I.—The length of time taken for the falling mass to 
reach the ground is measured by me^ns of a stop-watch. Let this 
be seconds. 

During this time the mass falls a distance h cm. with a uniformly 
increasing velocity. Since the initial velocity is zero the final 
velocity will be double the average velocity. 

The Average Velocity 
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Bell bearing 


Projecting peg 


Tlio final velocity, the velocity the mass lias when it reaches the 
ground, is double this value, 

t.e. v —~—. 

The time is usually very short, and cannot be measured with 
great accuracy. 

The quantities v and m an^ connected by the relation v~(or, 
where r is the radius oi‘ the cylindrical rim round which the string 

is wound. If r be measured 
aud V be determined as 
above, we can find w, since 

V 

Cl) ~ • 

r 

Method II. —After the 
string has become detached 
from the wheel the wheel 
continues to revolve for a 
considerable time. Its 
angular velocity decreases, 
however, on account of 
friction, and eventually the 
wheel comes to rest again. 
If the friction be con¬ 



fTa. 78.—Flywheel with Axle horizouial. 


stant, the wheel will be retarded quite uniformly, and the average 
angular velocity taken over the whole time rt^quired to come to 
rest will be equal to one-half the initial angular velocity <u. 

If the wheel make revolutions after the string has become 
detached, and take seconds to come to rest, the average angular 
velocity, while coming to rest, is given by 


to. 


radians per second. 


Therefore o), the angular velocity at the moment when the string 
became detached, is given by 

^ - 47rn, 


The value of is much greater than that of in Method I., and 
can therefore be determined with much greater accuracy ,* thus the 
resulting values of v and w obtained by this method will be more 
accurate than those obtained by Method I. 
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This is equal to liy equation (2), i.e. the period will be 

the same whether the body is suspended about 0 or 0,. 
This is equivalent to saying that the centre of suspension and 
the centie of oscillation are interchangeable. 

Locus of points for which t is constant. —There are other 
axes about which the body will oscillate 
in the same period as about 0 and 

If we describe two circles with centre 
G and radii /q and /q, any parallel axis 
of oscillation taken on either of these 
circles would give the same value for i. 

Variation of t with h —Minimum 
Period. — When the axis of suspension 
])asses through the Centre of Gravity, the 
periodic time becomes infinitely great. 

If the axis is at an infinite distance the 
periodic time is again infinite. (Conse¬ 
quently there must be some intermediate iiosition for which 
the periodic time is a minimum. 



Fifi. 92.-—Locus of I’oints for 
wliich t is constant. 


Now 


, ^ /FTP 
% 


This will be a minimum when , -- is a minimum. 

h 


But 


F + {k - hf + 2hh 

/r “ ~ , h 


This is clearly a minimum when h = Jc. 

The length of the simple equivalent pendulum in this case 
lb 2k, and the points O and Oj are at distances from G each equal 
to k 

The minimum period is 4 = 2 
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Expt. r>8. The Compound Pendulum. —To illustrate those 
results, a bar about 1 metro long, in wliu^li lioles liavo boon 
Leueffing bore.d at etiual distaiu'.es (abcmt 2 
r cm.) along its length, may be sus- 

, ponded from an axis whieb must be 

made horizontal (Fig. 93). 

o _ 1X i. Take the periodic time for 

every tliird hole, starting from one 
end of the bai*, noting the time for 
50 complete swings. 

ii. Plot a curve showing the 
periodic time at difterent distances 
from the Centro of Gravity. It will 
consist of two symmetrical branches 
corresponding to the two halves of 
the bar, showing a minimum period 
for the |)oints A and P>. 

iii. Find the holes on the bar 
corresponding to these minimum periods and deternune very 
mcuratdy the period for the two holes on either side of that 


FiCi. US.—liar IVaidulurtu 


Period 



giving t a minimum, and also for the hole corresponding with 
the minimum itself. At least 100 swings should be taken for 
each of these five holes, so as to get very exact points on the 
curve in this part. Find k from the positions of A and B: 
>5:«AK = BK. 
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iv. Find points sucli as C, D, E, and F in Fig. 94, for 
whiob the periodic; lime is the same. 

Tlieii if CTI is taken as HE is 
Also and 1ID = A.^. 

Calculate tlic radius of gyration from the formula 

lc^ = h,h,. 

Find tlie lengtli of tlie simple ei]uivalent pcnduluin 


I — -f A^, 

and calculate <j from the formula 



V. Find the nnhiimum ]K*riodic time corresponding tc the 
I)oints A, B in the graph and calculate k from tlio formula 

to=‘lTT /—■, 

\ a 

assuming g = 981 cm./sec.% 

vi. Fiiid the mass M of the body and calculate its Moment 
of Inertia 


The values of k obtained in iii., iv., and v. should all agree, 
and should ^ approximately equal to the length of the bar 
divided by n/ 12, if the breadth of the bar is negligible comi)ared 
with its length (Appendix, p. G51). 


Expt. 69. Determination of Modulus of Rigidity by 
Oscillation. —Suspend a bar or a disk, or some other body 
of known Moment of Inertia, from a wire which is fixed 
firmly at its upper end. 

Determine the period of oscillation of the lx)dy when 
moving as a torsion pendulum. 

Measure the length of the wire and its radius. Calculate 
the Moment of Inertia of the susj>ended body from its mass 
and dimensions. 


Deduce the value of the Modulus of Rigidity from the 
equation _ 


01 


SttII 

* 
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Compare the Moments of Inertia of two bodies by using tliein as torsion 
pendulums from tlie same wire. 


/ I 

\f rrru/r* 




The same wire is u.se<l, therefore 

1 .> /.>" 


Expt. 70. Determination of g by observing the Period 
of Oscillation of a Mass suspended from a Spiral Spring.— 


Suspend a mass from a spiral si)i‘ing. Note the elongation I 
it produces when applied gently. Observe the i>eiiod of 
oscillation of the mass when vibrating vertically. 

Calculate g from the expression t — 27r Jljg (p. 1G2). 


§5. The Study of Vihrator Traces 

The following method of determining acceleration from the 
vibrator traces obtained when using Fletcher s Trolley and Atwood’s 
Machine is due to Dr. L. Richardson of Westminster Training 
College. This trace will resemble that showm in Fig. 119, p. 213. 
Draw the middle line through the trace by setting the pa[)er in 
motion with the vibrator at rest, taking care that the tracing ])oint is 
not bent. Measure distances, from the first clear intersection of this 
line and the trace, to each of the succeeding twelve alternate inter¬ 
sections. Let these distances be a, 6, c, <7 . . . A*, 1. 

Tabulate these 12 measurements as 4 sets, in groups of 3 : 

A/mstiTVtnente. First di(ferences. Second differences, 

a . e . i (f--a) and (i - «) {i - e) - (c - a) ~ a —2e 

b , f . j (/-Cand(i-/) (j-/)-(/-.6) = 6-2/+y 

c . (f , k ig-c) a!id {k - y) {k - <j) - {g - c) c ~ 2(j + k 

d . h , I {h~d) B.u(\{l-h) {l~h)~{h-d)^^d-2h^l 

Mean second dilference \ \a + h + c ‘V d - 2{e +/+ y-\-h)d- i -fy -f k -f- /} = I). 

In finding this mean, all the twelve readings are utilised. If the 
periodic time of the vibrator is T, we then have 
Acceleration = D/IGT^. 

Proof : Let any two consecutive sets of four waves occupy lengths and 
s.j on the trace, and let t*,, be the velocity at the beginning of the first wave, 
and Vi the velocity at the end of the fourth wave {Le. at the beginning of 
the fifth). TJie acceleration being a, we then have 

^r,=:r„(4T) + i«(4T)^ 

Vi = ‘Uo-i-«(4T), 

and Su = ri(4T)-i'^«(4T)^=Vo(4T)+ itt(4T)-. 

Whence s., - &'j = a(4T)^, or « = (S 2 -Si)/(4T)“. 

The lengths s, and s.j represent any pair of first ditlerences such as (e-a) 
and (t-e)f while (So-Sj) represents the corresponding second ditt’erence. 

The same method may be used for any number of readings 
provided the correct time interval is employed. At high speeds it 
may be convenient to use sttccessive points of intersection, or half 
wave-lengths. 



CHAPTER X 


GASES: THE BAliOMETEE AND BOYI.E^S LAW 
§ 1. I'liorKRTJES OF Gases 

A gas differs from the other forms of matter in that it always 
fills any space in which it is placed. However small the 
quantity of gas contained in an enclosed volume, the gas 
distributes itself so as to fill the volume. This property is the 
most striking property possessed by substances in gaseous form, 
and may be described as their expansibility. 

In the present chapter we shall study only the gaseous 
phenomena associated with constant temperature, leaving the 
investigation of the effects of change of temperature to the 
section on Heat. 

BOYLE’S LAW 

When the volume of a fixed mass of gas is changed, the 
fresmre exerted by the gas alters in a definite way, and, provided 
the temperature is maintained constant, the pressure varies 
inversely as the volume. This relation may be stated con¬ 
veniently in the form 

Pressure x Volume = Constant. 

This law was first enunciated by liobert Boyle in 1662 , and 
is known generally as Boyle’s Law. It was stated, however, by 
the French physicist Mariotte fourteen years later, and is known 
on the Continent as Mariotte’s Law.^ 

^ See Tait’s Properties of Matter, App«^dix TV. 
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It will be seen that, in order to investigate the phenomena 
presented by a gas at constant temperature, we must be able 
to measure its volume and its pressure. 

The measurement of volume presents little difficulty, but 
that of pressui'e requires some explanation. 

§ 2. Measurement of Atmospheric Pressure 

Before dealing with the measurement of the pressure of 
gases in confined volumes, the first point to realise is that the 
air exerts a considerable pressure. 

THE BAROMETER 

To show this, a long tube of glass about 1 metre in length 
IS closed at one end ; it is then filled with mercury, and inverted 
so that the unclosed end is beneath the 
level of a bath of mercury in a trough. 
At once the mercury falls down a little 
way from the top of the tube, although 
no air or ariy other substance is admitted. 
The mercury does not run out of the tube 
entirely; a considerable column, about 
75 cm. in height, remains in the tube, 
this column being supported by the 
pressure of the atmosphere. A Tube of 
this eonstruetion is called a Barometer 
Tube. 

Consider the pressure at the point A 
in the tube (Fig. 95) at the same level 
as the free surface of the mercury outside. 
Above this point is a column of mercury 
h cm. high and of density p, exerting a pressure at the point 
A equal to hpg dynes per sq. cm. Above the mercury inside 
the tube, the space B is vacuous, except for a minute trace of 
mercury vapour, the effect of which is negligible. The total 
pressure exerted at the point A is therefore that due to the 
column of liquid alone, 




Mercury 

level 




Fig. 95.—Simple Forms of 
Bai'Oineter. 
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ie. Pressure inside tube at A = hpg dynes per sq. cm. 

Outside the tube, at the surface of the liquid, the only 
pressure acting is the pressure of the external atmosphere. 

Now, 8.t all points on the same level in a liquid, there 
is the same pressure, hence the pressure at A inside the 
tube is exactly equal to the pressure at the surface outside, 
since A is at the same level as the external surface. 

The pressure at A is hpg ; the pressure at the surface of the 
liquid outside is the atmospheric pressure. 

Therefore the Atmospheric Pressure = hpg dynes per sq. cm. 

The Density of Mercury is approximately constant over the 
small range of temperature through which the atmosphere 
varies, and it is customary, therefore, to speak of the pressure 
in cm. of mercury. Strictly speaking, the expression of the 
pressure in this way should be in terms of the length of a 
column of mercury at 0° C., but for ordinary purposes the 
variation of density is so small that the correction for tempera¬ 
ture need not be applied. When required, it can be calculated 
without much difficulty (p. 180). 

Further, the value of g is not uniform over the whole 
of the earth’s .surface, and a correction for latitude and height 
above sea-level should be introduced, to l)ring the height of the 
mercury column to what it would be at sea-level in latitude 45°. 
This correction is never required except in work of the highest 
degree of accuracy. 

Since p and g may be considered approximately constant, 
the Atmospheric Pressure can be described as equivalent 
to a certain height h of mercury, this height being called 
the Barometric Height. It is the height of the column of 
mercury supported by the atmosphere in a barometer tube 
constructed as described. 

The Meteorological Office now expresses atmospheric pressure 
in units that are multiples of the absolute C.G.S. unit, and 
some modern barometers are graduated so that the pressure 
can be read directly in such units. 

0 
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The unit of pressure used in practice is called the bar, and 
is equal to one million dynes per sq. cm. Two smaller 
units are also used, the centibar and the millibar, being 
respectively one-hundredth and one-thousandth of a bar. 

The bar is equivalent to a pressure of 75-01 cm. of mercury 
at 0°C. in latitude 45°. 

A standard atmosphere (76 cm. of mercury) is rather 
greater than one bar, being equal to lOlS-2 millibars. 

COMMON TYPES OF BAROMETER 

u -Tube Form. —For rough work a simple U-tube form of 
barometer is sufficiently good (Fig. 95). The free surface in A 
corresponds with the surface in the trough in the type already 
described. The tube is bent near the top, so that the two mercury 
surfaces of which the difference in level is to be measured are in 
the same vertical line. 

These portions of the tube should be of fairly wide diameter, and 
equal to each other in bore, so as to avoid any error in the height 
observed due to surface tension effects. The heights are read on a 
scale usually engraved on the tubes themselves, and the Barometric 
Height is the difference between the levels B and A. 

The accuracy obtainable with this form is not very great: the 
error in each reading may be as much as half a millimetre. As 
two readings have to be taken, the possible error is thus equal to 
one millimetre. 

Fortin's Barometer. —This barometer is usually to be found 
in physical laboratories where accurate observation of atmospheric 
pressure is required. The apparatus does not differ from that 
of the simple type of barometer tube first described (p. 174), 
except in the manner of taking the readings of the two levels 
of mercury. 

Expt. 71. Beading Fortin's Barometer.— To determine the 
height of the mercury column two adjustments are necessary. 

(i.) Adjustment of the Reservoir.—At the bottom end 
of the tube the mercury is carried in a leather bag, which can 
be altered in shape by a screw A (Fig. 96) bearing against its 
base. Fixed to the framework of the liirometer is a small 
ivory point P which is the zero of the barometer scale. 
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The mercury surface is adjusted up to this ivory })oint by 
turning the screw A, tln^ adjustment being 
made until the point and its image (retiected 
in the mercury) are just seen to touch without 
any depression being visible in the mercury 
surface at the point (Fig. 98). An extremely 
fine adjustment is thus rendered possible, if 
the mercury surface is suitably illuminated. 

(ii.) Adjustment at the Upper Surface.—At 

the upper surface the adjustment is not quite so 
simple. Round the glass tube is fitted a brass tul)e 
S, which is mov€5d up and down by a milled head R 
(Fig. 96) at the side of the apparatus. This tube has 
the bottom edge cut so that the back D and front O 
of the bottom edge are exactly on the same level (T‘'ig. 
100). If the eye is placed below the level of these 
two, the back edge can be seen as 
well as the front. As t])e eye is 
raised, the back edge gradually 
shows less and less, until when 
the eye is exactly level with the 
bottom of this movable tube, the 
hack edge is just covered by the 
I front edge. 

The eye should bo placed in 


V 




Mercurg 
' too lout 


Correct 

^adjustment 
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xury 
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Fig. 96.—Fortin’s 
Barometer. 


Fio. 97.—Reservoir of 
Fortin’s Barometer. 


Fiu. OS.—A’justment of 
Reservoir. 


such a position that the back edge is just covered by the 
front edge in this way. 
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The brass tube should then be moved until the front edge 
is just on a level with the top B (Fig. 100) of the curve or 
‘ meniscus ^ formed by the mercury surface, keeping the eye 
exactly level with the edge of the tube as 
it moves. 

Note.— If the eye is placed too high, 
the back edge will be covered by the 
front edge and the adjustment will be in¬ 
accurate. It is therefore important to 
raise tlw eye until the hack edge only just 
disajipears behind the front : this is the 
only test of accurate level. 

When the movable tube has been ad¬ 
justed accurately, the slightest movement 
of the eye downwards should bring the 
back edge of the tube into view. AVhen 
the eye is raised to the correct level again, 
the middle of the front edge should just 
be tangential to the surface of the mercury, 
a little light being seen through between 
the edge and the mercury surface at the 
sides. 

The small brass tube carries a vernier scale the zero of which 
is level with the lower edge : this edge usually projects downwards 



Flo, 09.—Barometer Scales 
and Verniers. 



Fio. 100.—Adjustment of Vernier, 

just at the sides to avoid wear on the corner. The frame of 
the instrument carries a scale along which the vernier slides, and 
the reading of the vernier on this scale will give the position of 
the surface of the mercury. The scale is graduated only over 
a few centimetres near the top, but its zero is the ivory point in 
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the lower reservoir. Hence the reading of the scale shown by 
the vernier gives the Barometric Height. 

Head and record the Barometric Height as given by the 
scale and vernier. 

Among other forms of barometer in common use is the recording 
U-tube ty|>e, which records the motion of the level in the lower 
tube by a float which is geared to a pointer. Another form is like 
Fortin’s in construction, but has no adjustment of the reservoir, the 
divisions on the scale at the toj^ being made not quite true inches 
or cm., in order to compemsate for the alteration in level in the 
reservoir. Meither type is of any value for scientific work. 

The Aneroid Barometer. —A very convenient type*, of barometer, 
and one which, in its modern form, is capable of considerable 
accuracy, is the Aneroid. It consists of a metal vessel which is 
evacuated completely and hermetically sealed. Any variation in 
barometric pressure will deform this vessel somewhat, the deforma¬ 
tion j)roduced being i>ro]>ortional to the change of pressure (see 
Hooke’s Law, p. 109). By levers and watch-gearing, this slight 
deformation is magnified so as to move a pointer ov(ir a scale, and 
V>y the motion of this pointer the variation in the Barometric 
Height can be obtained. 

The aiqmratiis is of course not ahsolute ; it has to be calibrated 
by comparing its indications with a mercury barometer of the 
Fortin tyi)e, but when once calibrated, it can be relied on to give 
consistent readings for an almost unlimited time, and with well- 
made watch-gearing is quite free from ‘back-lash.’ As it can be 
constructed in a compact form, it is extremely useful whore port¬ 
ability is desirable, though if subjected to considerable variations of 
temperature its readings will not be quite accurate, as the elasticity 
of the metal vessel is affected by temperature. 

Expt. 72. Measurement of the Height of a Building 
using an Aneroid Barometer. —Take an Aneroid Barometer 
with a finely divided scale and observe the difference between 
its readings when at the bottom and at the top of a building. 
Lfet the observed difference be x cm, of mercury. 

This difference corresponds with a difference of level in air 
equal to the height of the building h (say). For small differences 
in level the air may be treated as a ffuid of approximately uniform 
density. The difference in pressure between the two points would 
then be being the density of the air. 

This difference in pressure has been measured, and is found 
to be that exerted by a column of mercury x cm, long. 
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Thus — xfx/, where p is the density of mercury. 

Neglecting slight variation of py due to temperature, we may 
with sufHcieiit accuracy take />= 13-G and p^ =0-00129, both in gm. 
per C.C., and we obtain 

, 13.G 

000129' 

Verify the result obtained by actual measurement. 

Aneroid Barometers for mountaineering are often graduated 
directly in feet or m-eti'es. 

CORRECTION OF A MERCURY BAROMETER 
FOR TEMPERATURE 

The reading of a barometer requires correcting for tempera¬ 
ture, in order to express the pressure of the atmosphere in 
cm. of mercury at 0" C., or in dynes per sq. cm. 

Let the Barometer Reading be H cm. This reading is really 
not obtained in cm, but in scale divisions^ the scale divisions being 
cm. only at some temperature C. (usually IS*" C.). If the 
temperature of the room is f C.^ each division is of length 
{1 + } cm., where h is the coefficient of linear expansion of 

the scale (usually of brass). 

The actual height of the mercury column is thus 

Hi cm.^}i{l-hO(t-f^)], 

We have therefore a column of mercury of height Hi cm. 
at a temperature t"" C. 

It is required to find what height of mercuiy H^ at 0“ C. 
would exert the same pressure as this column Hj exerts at f C. 

Tlie pressure of Hq cm. of mercury at 0" C. is 

H{jp^^ dynes per sq. cm., 

being the density of mercury at 0“ C. 

The pressure of the column Hi cm. high at t*" C. is 

HiPi^ dynes per sq. cm.. 

Pi being the density of mercury at f C. 

We have to find Hq such that 

Now pj = / 0 i(l + at), where a is the coefficient of cubical expansion 
of mercury. 
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Hence 


H — 

P, l4-«/ 


t.e, substituting for in terms of tlie reading IT we have 
H -H{1 +6(^-0} 

^ rtf 


When this value the equivalent height of mercury at 0“ C., 
has been calculated, the pressure in d 3 'ncs per sq. cm. can be 
obtained from the equation 

l’ = JVo.'7- 

is 13-596 gm. per sq. cm., <j is 981-18 dynes per gm. or cm. per 
sec. per sec. (in London). 

Hence P = H^ x 13*596 x 981-18 dynes i)er sq. cm. 

A numerical example may be of assistance in explaining this 
method of correcting the Barometric Height for temperature. 

A barometer with a brass scale reads 7r>-9J551 cm. at LS'^C. The scale is 
graduated to be accurate at 15° 0. What is the lieight of the barometer 
reduced to 0°C. ? Also what is the 2 )ressurc of the atmos 2 )her(‘ in dynes i)cr 
sq. cm. ? 

The coefficient of linear exjiansion of brass-0-0000189 per 1° C. 

The coefficient of cubical exi)ansion of mercury = 0-000180 2 )cr 1°C. 

H +0-0000189(18° -15°)) 

(1+0-00018 X 18) 

^75-933(1+0-0000567) 

1 + 0^00324” • 


This can be written as 

Ho = 75-933(1 + 0-0000567)(l - 0-00324), 
and then as Ho = 75-933(l +0-0000567 - 0-00324) 

to a very close degree of accuracy", and we obtain 
Ho = 75-933(0-99682), 

whence Ho=75-690 cm. 

The 2 )ressiire in dynes per sq. cm. in the exanqde given is 
V = }lQpQg dynes per sq. cm. 

= 75-690x 13-596x981-18 
= 1,009,700 dynes jjer sq. cm. 
or 1009-7 millibars. 


Expt. 73. Determination of the Atmospheric Pressure 
in Absolute Units. —Read the height of the barometer as in 
Expt. 71. Read the temperature of the barometer by means 




182 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. 1 


of the thermometer attached. Apply the correction for 
temperature as in the foregoing example, so as to find the 
pressure of the atmosphere in cm. of mercury at 0° C., and 
deduce the pressure in absolute units. 

Correction Table for Thermometer Reading. —It is con¬ 
venient to calculate in this way the correction that has to be 
applied at each temperature from 0° to 25° C., and to have this 
arranged by the side of the thermometer for reference. If the 
corrections are calculated for a reading assumed to bo 7 6 0 cm., 
they will be sufficiently accurate to apply to all ordinary baro 
metric readings without modification. 

Formula for Correction at any Temperature.—The correc¬ 
tion is expressed sometimes also in the form: deduct B cm. ft*om 
the reading obtained, and from the remainder subtract C cm. 
for every degree above 0^ C. A formula of this type can be 
Worked out without much difficulty as an exercise on the equation 

I--at • 

This gives Hq = H(1 -Uq- (a- b)t), 

B (above) is KMq, an approximately constant quantity, and is 
worked out for H = 7 6 cm. 

C (above) is H(a - 5), and is also approximately constant; 
it is worked out on the supposition that H = 76 cm. 

§ 3. Pressure of a GIas in a Closed Volume 

The measurement of the pressure of a gas in a closed volume 
is usually achieved by means of a U-tube containing mercury. 
One side of this communicates with the chamber within which 
the pressure is to be measured, and the other is open to the 
atmosphere. 

The difference in level between the mercury surfaces in the \J4uhe 
indicates the difference between the pressure inside the space and the 
atmospheric pressure outside. 

Thus, if the pressure inside the space C is P (cm. of mercury), 
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and the atmospheric pressure (or Barometric Height) is H, the 
relation between T and II is given by 

P = H + (B - A). 

If B is below A, (B - A) is a negative quantity, so that the 
pressure P is less than H. 

If desired, the above expression can be rewritten as 
P = H - (A - B) to suit tliis case : the two 
expressions are algebraically identical, and 
both perfectly general. 

Sometimes, where it is desired to avoid 
reading the Barometric Height, the surface 
B is exposed to an evacuated chamber, when 

P = B - A, 

but this method is rarely used. 

JFhen the tube B is open to the atmosphere — Moasurement of 

it is necessary to read the haronieier as tv ell 

as the difference in level between B avd A before the pressure in 
the chamber C can be measured—this point must be noted specially. 
If during the course of an experiment the Barometric Height 
varies, the quantity H used in the later readings will be different 
from that used earlier. 

Strictly speaking, the barometer should be read immediately 
after every observation of corresponding values of B and A, though 
this is not required except in the most accurate work. The 
barometer should, however, be read both before and after any 
experiment on gases, and the difference distributed among the 
observations, according to the order in which they were made. 

§4. Verification of Boyle’s Law 

To verify Boyle’s Law (p. 173) a quantity of gas is enclosed in a 
glass tube, and is separated from the external atmosphere by a column 
of mercury. This mercury is contained in a Hexiblo rubber tube, 
joining the tube containing the gas to a glass tube in which the 
level of the mercury exposed to the air can be seen; or, as an 
alternative arrangement, the two glass tubes may be sealed together, 
and both connected with a movable reservoir as shown in Fig. 102* 

o2 





184 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT, 1 


In the best forms of instrument the closed tube containing the 
air is graduated in c.c., a burette calibrated to the tap being con¬ 
venient for this purpose. If this form of burette is not available, 
however, a square-ended glass tube of uniform bore may be used, 
the volume of air it contains being proportional to the length of 
tube betwe(m the level of the mercury and the square end. 

The apparatus of the burette type is more convenient to adjust 
and to read than this simpler form. If great precautions are to be 
taken, it may be fitted with a drying tube, so that the air in the 
tube can be quite dry before closing the tap. It is important 
that the tap should fit very accurately, 
otherwise leaks will occur at high pressures, 
and the quantity of gas experimented on 
will be changed, thus vitiating all the read- 
ings. 

Expt. 74. Verification of Boyle’s 
'^Law (Apparatus I.). —The method of 
using this type of apparatus is as 
follows 

The taps A and B are both oi>ened, 
and mercury is forced up the burette 
to the tap B by raising the reservoir 
0. Air is then allowed to enter 
through these taps by lowering C 
again, till the burette is filled to D 
with air. About 30 c.c. of air should 
be admitted between B and D. 

The tap A is closed, and the air 
all forced up into the drying tube 
again by raising C till the mercury 
reaches B. 

The gas is left between A and B 
for a few minutes to dry it completely, 
and C is then lowered till the level 
of the mercury in the burette is at 
D again: by this means BD is filled 
with air which is practically dry. B 
is then closed so as to confine a definite 
quantity of air between B and D, and 
the apparatus is ready for the experiment. 

By raising and lowering C, various pressures can be exerted 
on. the gas in the burette, and the volume of the gas will be 
altered until its pressure is equal to the pressure exerted 
on it. 
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The level of the mercury in the other tube (F) will be the same 
as the level in the reservoir C, since botli surfaces are exposed to 
the atmosphere. 

If for any position of the reservoir the level in the side tube is 
F and the level in the burette is E, the pressure on the gas inside 
the burette is given by 

P = H + (F-E), 

where II is the Barometric Height. 

The levels F and E arc read on a vertical scale ])laced 
immediately behind the tubes. 

Pressures both above and below atmospheric can be used in this 
form of apparatus if the burette and the side tube are both long 
enough, the levels F' and E' being two corresponding values, when 
the pressure is below atmospheric. Such a case is obtained by 
lowering C to some }) 08 ition such as that shown dotted (Fig. 102). 

The volumes are the sijaces between B and E, B and E', etc. 

Adjust the level of the reservoir to several different heights, 
so that half the observations are made with 2 )ressures below 
and half with 2 )ressures above atmospheric. 

Calculate the total jmessure in the burette in each case (the 
barometer must be read before this can bo done), and note also the 
volume of the gas in the burette under each i)ressure. Show that 
the product Pressure x Volume is the same for each adjustment 
made. 

Arrange your observations thus— 


Barometric Pressure = n= . . . cm. 


Reading in 
Side Tube F. 

Reading in 
Burette K. 

F-E. 

Total PreHSure 
=:H+(F-E) 
^L\ 

Volume of 
Gas V. 

PV. 



(Half these 
quantities 
will bo 
negative.) 





Be careful not to add F-E in cm. to H measured in mm. 
Both H and (F - E) must be in cm. 

If the tube enclosing the gas is not provided with a tap at the 
top it may be filled with gas and the experiment then carried out 
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as already described. If, however, it is required to obtain observa¬ 
tions at ]>reHsures below atmospheric, the tube will have to be 
heated considerably before closing with mercury. 

The tube must be allowed to get quite cold again before the 
experiment is commenced. 

Adjustment of the quantity of air in the tube in this way is not 
very easy, and frequently leads to fracture of the tube : it should 
never be attempted by the student. 

Where the apparatus with the burette and tap is not avail¬ 
able, it is often preferable to use two forms of apparatus for 
verification of Boyle’s Law instead of adjusting the quantity of 
air as described above. One form of apparatus may bo used 
for pressures above, and the other for pressures below atmospheric. 

It is advantageous to use apparatus of these two 
forms even where the first type described is also 
used. A greater total variation of pressure is 
possible when two such forms of apparatus are 
used than with the single form described, and thus 
the law is verified. over a wider range. The 
student is also made familiar with different forms 
of apparatus wdiich may be used for the measure¬ 
ment of gas pressure. 

Expt. 75. Verification of Boyle’s Law, 
Apparatus II. (for Pressures above Atmo¬ 
spheric Pressure). —The present apparatus is 
used for verifying Boyle’s Law for cases in 
which the pressure is greater than the pressure 
of the atmosphere. 

The air to be experimented on is contained 
in the glass tube A. The lower part of this 
tube is in connection with a reservoir of mercury 
C and a pressure tube B. A certain mass of 
air is enclosed in A at a pressure equal to the 
atmospheric pressure plus the pressure due to 
difference of levels in A and B. The atmo¬ 
spheric pressure must be found by reading the 
barometer; let it be H cm. of mercury. The 
volume of the gas may be taken to be proportional to AE meas¬ 
ured on the scale attached to the apparatus. The position of 
the top of the tube A containing the gas is noted on the scale. 
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If we raise the reservoir the pressure on tlie air in A is 
increased and the volume diminislied. 

The pressure is equal to the pressure of the atmosphere 
plus the pressure due to the column of mercury FE, tliat is, 

P=.TT-,- (F-E). 

The new volume is espial to V, and is proportional to AE. 

In tlie same way determiiu* the valu(;s of P and V corre¬ 
sponding to other positions of the mercury rosier voir. 


Calculate the values of the j)roducts P x V. ITiesc should be 
constant if Boyle’s law is obeyed. 

Enter the results in tabular foim as for Ap})aratus T. (]). 185). 

Plot a curve showing the relation between the ]>ressure (as 
ordinate) and the volume (as abscissa). This should be a rect¬ 
angular hyperbola. 


fieacnrg.A 




-f>~Reacnnff& 


Exi'T. 76. Verification of Boyle’s Law, Apparatus III. 
(for Pressures below Atmospheric Pressure). —This third 
type of apparatus used for the 
verification of Boyle’s Law ena))l(\s 
us to work over a wide range from 
atmospheric pressure doimiwards, 

A very convenient form consists of Equivalent 
a uniform glass tube, which can be of tube 

raised or lowered inside an iron tube 
filled with mercury. The iron tube 
widens at the top into a bowl-sliaped 

vessel, this widening enabling the inner \r- 

tube to be raised or lowered consider- 
ably, without Cxinsing any larffv cluiiige 
in the level of the external surface of 
mercury. 

The pressure of the gas in the inner 
(glass) tube is less than atmospheric 
pressure, by the beiglit to which the 
mercury in the inner tube stands al>ove 
the level of the mercury outside. 

This is measured by adjusting 
a steel pin, fixed to a vertical 
metre scale (Fig. 104), until its 
point just touches the surface of the mercury in the bowL 
The height of the column inside the tube is given by the 
reading B (Fig. 104) plus the length of the pin (a; cm.). This 


Fih. 104.—Boyle’s Law 
(Apparatus 111.). 
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is tLe amount by which the j)ressure of the gas inside is less 
than the atmospheric j)ressure. 

The volume of the gas is pro 2 )ortional to the length of tube it fills, 
if the Ijore is uniform. 

A mark on the neck of the tube just beneath the tap represents 
the * equivalent top ^ of the tube, i.e. where the top of the tube would 
be if it were, of uniform section all the way up^ and of the same volume 
as the actual volume. 

The distance bc^tween this mark and the level of the mercury 
in the tube is proportional to the volume of the gas enclosed. 

Depress the glass tube, with the tap open^ until the top of 
the tube stands about 15 cm. above the level of the mercury in 
the trough. 

Close the ta}) carefully, pressing it inwards gently whilst 
turning it, and do not touch it again during the whole of the 
eirj)erimenti otherwise more air will be admitted into the tube, 
and the mass of gas used will thus be altered. 

The pressure of the air enclosed in the tube is now equal to 
the atmospheric pressure. 

Adjust the metre scale so that the point of the steel pin just 
touches the surface of the mercury in the bowl, and find the 
reading on the scale, level with the ‘equivalent top^ of the tube. 

liaise the tube until the mercury level inside the tube is 
above the zero of the metre scale. Adjust the pin until it 
just touches the mercury surface in the bowl, and take the 
reading (A) on the scale level with the ‘equivalent top’ of 
the tube; also read the level B of the surface of the mercury 
in the tube. 

Raise the tul>e a few centimetres at a time and repeat 
readings A and B, taking care to adjust the pin until it touches 
the mercury in the bowl before taking each set of readings. 

Continue this until, if the tube were raised any higher, 
there would be no mercury left in the bowl. 

At least six sets of observations should be taken, distributed 
uniformly over the range of pressures used. 

Depress the tube again to the first position in which 
readings were taken. If the first readings are not repeated, 
some air must have leaked in through faulty closing of the 
tap, and the experiment must be repeated after seeing that the 
tap is properly closed and air-tight. 

Read the barometer and express the pressure of the atmo¬ 
sphere in centimetres of mercury. 

Tabulate the results of the observations :— 
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Length of pin, x=^ . . . cm. 


Beading A. 

Beading B. 

Pressure P 
--Aljn. -(IH *)- 

Volume V 
-A-B. 

PV. 




i 



The values in tlic last column should he coiistiiiit. 

Plot a graph taking the values of the ])ressure as ordinate.s 
and the values of the volume as abscissae. The curve should 
be a rectangular hyj)erl.wjla. 

It is also instructive to plot a graph showing the relation 
between the density of the gas and its pressure. Take the 
values of the pressure as ordinates and the reciprocals of the 
volume as abscissae. This graph should be a straight line. 

In this way it is possil^le to verify the law of Boyle that the 
volume of a fixed mass of gas varies inversely as the pressure 
when the temperature is kept constant. 




CHAPTEK XI 

SURFACE te:nsion 

§ L Definition of Surface Tension 

The surface of a liquid acts everywhere as though it were 
in tension; the analogy of a stretched rubber membrane is 
frequently used to illustrate this, but there is one important 
difference to be noted. If a rubberv^membraue is stretched, the 
tension exerted across any line in theAnembrane is increased as; 
the extension is increased, while no sueh ~4ftcrease of. tension 
occurs in the case of a liquid surface. 

The tension in dynes exerted across unit lengd^h of any 
line imagined in the surface of a liquid is called the Surface 
Tension of that liquid. 

The surface tension depends not only on the liquid itself but 
also on the medium on the other side of the surface. Thus the 
surface tension of a mercury surface exposed to air is entirely 
different from the surface tension in a surface between mercury 
and water. The effect of the second medium is extremely marked 
if the mercury is put in a weak solution of potassium dichromate. 
The mercury then loses its ‘mercurial’ character and exhibits 
a,sluggishness entirely different from its mobility when in contact 
with air. 

Whenever we speak of Hhe surface tension’ of a liquid, 
therefore, it must be understood that we refer to the surface 
tension in a surface bounded by the liquid and by avr, 
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§ 2 . Effects of Surface Tension 

CAPILLARITY 

When a fine tube is filled with liriuid and its lower end 
is placed beneath the surface of some of that liquid in a 
large vessel, at first the liquid will flow down and out of the 
tube, but eventually a column ot litjuid of measurable height 
will be left in the tube, projecting above the level of the liquid 
in the large vessel. 

This column of liquid is supported by the tube as a result 
of surface tension of the liquid, and the surface tension can be 
determined from the height of the liquid column and the dimen¬ 
sions of the tube. 

Let the radius of the tu])e be r cm. and the surface tension 
of the liquid be T dynes per cm. At the line where 
the liquid surface and the tube meet there is exerted 
at right angles to their line of contact a force T 
dynes on each centimetre of that line. 

This force is exerted by the surface of the liquid, 
and acts in the liquid surface at right jmgles to the 
line of contact. Thus, if the tangent to the liquid fiq. 105 .—Force 
surface at this line is at an angle a with the surface 

side of the tube (Fig. 105), we have a force acting 
at an angle a to the vertical, the magnitude of this force being 
T dynes per cm. 

On the whole line, of length 27rr, the total force would be 
27rrT. But this is acting at all points at an angle a to the 
vertical; therefore the vertical component only will have any 
effect, opposite sections of the line exerting forces whose horizontal 
components neutralise each other. There will thus be a total 
force equal to 27 rrT cos a exerted by the liquid on the tube across 
the line of contact, this force being exerted dovMwards by the 
liquid on the tube. 

There is therefqre an upward force of this magnitude exerted 
by the tube on the liquid since action and reaction are equal 
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and opposite, i.e, the tube exerts forces on tlie liquid, across 
the line of contact, such that the total upward force exerted 
on the liquid by the tube is 

27r?’T cos a dynes. 

This force supports the column of liquid raised above the 
level outside, hence, if we can find the weight of the liquid 
column, its weight must be equal to the above force. 

Weight of Column raised. —The column is cylindrical up to 
the base of the meniscus. Above this its volume is approxi¬ 
mately the difference between a hemisphere of radius r and the 
circumscribing cylinder. 

If the bottom of the meniscus is at a height A above the free 
surface outside, we have 


Volume of column raised = irr-h + 

I^et A + Ir be indicated by h\ 

Then if p is the density of the liquid, the Mass of the column 
raised is irrVi'p, and its Weight is nrVipg dynes. 






Fio. 106.—Effects of 
Surface Tension of 
Mercury. 


Thus 

whence 


27rrT cos a — irr^hfpg^ 
rp ^ h'rpg 


2 cos a 

For all liquids which wet the surface, a = 0, 
and therefore cos a = 1, so that, in this case, 

2 ■* 

The chief exception is mercury, for which a 
is greater than 90°, so that cos a is negative; thus A is negative 
in the case of mercury, due to the negative value of cos a. 


T-- 


Expt. 77. Determination of the Surface Tension of 
Water by the rise in a Capillary Tube. —Clean a capillary 
tube carefully with caustic soda and then with nitric acid,^ 
washing out the nitric acid with considerable quantities of 


^ Caustic soda is used first to remove any grease in the tube; it is used 
b^ore the acid because it cannot be washed out so easily with water as the 
acid can. 
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water. Place tlio tube in a thin glass beaker with vertical 
sides containing water, depressing it so as to fill the tube with 
water and tlien raising it till a column of water is supported 
in the tube. Tap water should be used rather than distilled 
water, as the surface of the latter is often contaminated with 
a film of grease. 


Measuringr the Height of the Column. —This may 
be measured directly with dividers, setting the dividers so 
that when one })oint is just at the 
surface of the liquid in the beaker 
the other is at the level of the "" 

meniscus in tlie tube. • 

Frequently, however, a catheto- h 

meter microscope is used. The 
microscope is focussed first on the 

meniscus, then on the point of a pin __ 1 

which is j ust touching the water, H 

the microscope being set so that I Reflection 

when the images of the pin and its ii 

reflection are viewed through it, the . 

cross-hair is exactly between them. Capillary Tube. 

The vertical distance through which 

the microscope has to be raised between these two positions, is 
measured on the cathetometer stand of the microscope, and h 
is thus obtained quite accurately. 

Measuring the Bore of the Tube, —The bore of the tube 
is measured by drying the tube, drawing a thread of mercury 
into it, and measuring the length of the thread while in the 
tube. The thread is then run out into a weighed watch-glass 
, , and its mass determined. From this 

mass the radius of the tube may be 

I ^ _J ; calculated, assuming a knowledge of 

II 1 I the density of mercury. 

^ ^ Mass of mercury thread = tttH 

' F.a.i 08 ._Mercury Thread. P density of the mercury and 

I the length of the thread. 

In measuring the length of the thread, it will be noted that the 
ends of the mercury are not flat, but curved. If the length of the 
cylindrical part of the mercury thread is and the total length of 
the two curved ends together is jr, the volume of the mercury thread 


Fio. 108.—Mercury Thread. 


may be taken as 


vr'H + 
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the value of the second term being obtained on the assumption 
that the ends are semi-ellipsoidal in shape. 

Thus, the mass of the mercury is 



The lengths I and V are to be measured as accurately as possible, 
and the value of x found by taking the difference between them. 
The value of r must then be calculated. 

Another nietliod is to cut off the tube at tlie place wliere the meniscus 
stood, and to mount this in a stand so as to view it in so(^tion with a 
microscope. The size of the image of the hole as viewed in tht; microscoj>e 
is measured on a micrometer scale in tliC focal plane of tlie eye-piece. This 
micrometer is tlien calibrated by viewing a standard scale, and liiiding 
the number of divisions of the micrometer eyc-piece whicli correspond with 
one millimetre of the standard scale, the scale being viewed with tlie 
microscope in the same adjustment as wJien viewing the tube section. 
(See p. 27.) 

The method with the mercury thread is much more accurate than this 
second method, Tlie tube can be tested to see whether the bore is uniform or 
not by measuring the thread in different jiositions. This might be done 
before carrying out the rest of the experiment, any tube wliich exhibits 
marked inecpialitics in the bore being discarded. 

The experiment should bo performed for three tubes of different 
bore, and h should be showm to be inversely proportional to n 

If any liquid other than water is used, its density must be 
determined before T can be calculated. 


PRESSURE DUE TO CURVED SURFACES 


Pressure inside a Soap Bubble.—Inside a soap bubble, the 
pressure is greater than atmospheric by 
a small quantity Considering the 
equilibrium of the upper hemisphere, this 
excess pressure acts on the upper hemi¬ 
sphere, and produces a resultant upward 
force on the hemisphere of magnitude 

Pig. 109.—Pres8iare In Soap pTrr\ tending to blow the Upper and 
Bubble. f , 

lower hemispheres apart. 

The two hemispheres are kept together by the surface tension 
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forces acting in the two surfaces of the film round the line of 
contact, and the biihhle expands until the surface iciision forces 
just neutralise the disruptive force p 7 rr\ 

The lino of contact between the hemispheres in each surface 
is of length , and hence the total force due to surface tension 
keeping the hemispheres together is 2(27rrT), since the film has 
two surfaces. 

Thus 47r?T = 7>7r'r 

or 

4 

Rxpt. 78. Surface Tension of Soap Solution by Pressure 
in Soap Bubble. —Blow a small bubble on the end of an 



apparatus as depicted in Fig. 110, by gently pushing a glass 
rod A into the rubber tube B attached to the side. 

By means of a travelling microscope with vertical and 
horizontal scales, measure the dimension of the bubble across 
a horizontal diameter, using the vertical cross-hair of the 
microscope adjusted tangentially, first on one side, then on the 
other, of the image of the bubble. 

Measure the difference in height k between the levels of 
the water in the tubes C and D, using the vertical scale of 
the cathetometer. 


Then the pressure excess inside the bubble over the atmospheric 
pressure is 


P — hp<J dynes per sq. cm. 
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/) = density of water in bend of U-tube; r has been measured 
already. 

Calculate the value of the surface tension in dynes per cm. from 
the equation 

4‘ 

Make observations on two or three bubbles of different sizes. 



PART I 


ADDITIONAL EXERCISES ON RROPERTIES OP MATTER 

1. Draw a sector of a circle (ra<lius 15 cm.), containing on angle of 150*, 
measure its area with the jilauimoter, and Tcrify the result by means of the 
balance. 

2 . Draw an ellipse of major axis 20 cm. and minor axis 10 cm. and 
measure its area with the planimetcr. 

8 . Find the area and density of the given plate by weighing it in air and 
water and measuring the thickness. 

4. Find the average area of cross section of the given wire by means of a 
metre scale and a hydrostatic balance. 

f). Find the length and specific gravity of a given tangle of wire, using a 
hydrostatic balance and a micrometer screw. 

6 . Find the specific gravity of a solid by weighing it in a liquid whose 
specific gravity is given. 

7. Weigh the given solid in air. in water, and in the given liquid. Deduce 
the specific gravity of the metal aud of the liquid. 

8 . Make a solution of sugar and water which contains accurately 10 per 
cent by weight of sugar, and determine the specific gravity of the solution. 

9. Prepare a solution of common salt in water containing 15 grn. of salt 
in 100 gm. of solution and find its density. 

10. Find the density of a liquid which is denser than water and does not 
mix with it, by jireparing a salt solution of equal density and determining 
the density of this solution. 

11 . Calibrate the given burette by means of a lialance. 

12 . Find the internal volume of a definite length of the narrow bore tube 
provided, and calculate the mean internal diameter.,^ 

13. Measure the radius of the sphere provided by means of the sphero* 
meter, find its weight and deduce the density of the material. 

14. A body is supported on an inclined plane by a force acting parallel 
to the plane. Plot a graph showing the relation between the magnitude of 
the force and the height of the plane. 

15. Find the mass of the roller supplied, using an inclined plane. 

16. Support a metre scale from various points along its length, and 
balance it by hanging weights on the shorter side. Deduce the weight of 
the metre scale. 

17. Find the angle of static friction between the given surfaces. 

18. Find the velocity ratio and the force ratio for the given macliine and 
deduce the eificiency. 


m 
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19. A bar is supportcsl at its ends and loaded at its centre. Plot a curve 
ihowing how the depression of the centre varies with the load. 

20 . riot a curve showing the relation betw'cen the angle of twdst and the 
length of w'ii’c twisted, when a given coui>le is ap])lied to the end of the 
wire. 

21 . A ball is projected horizontally with a given velocity by allowing it 
to roll down one quadrant of a circle. Plot a curve showing the relation 
between the horizontal range and the height ol’ the ])oint of projection. 

22 . Kind the relation between the distance traversed ancf the time wlien 
a bcMly starts from rest and moves with uniform acceleration, using Atwood s 
machine. 

23. Find the combined mass of the two weights and the pulley of an 
Atwood’s machine, given (/ = 981 cm. per sec. per sec.. 

24. Find the relation between the distance traversed and tJie time when 
the given body rolls down an inclined plane, starting from rest. 

25. Provo that the acceleration of a body rolling down an inclined plane 
of given length is proportional to tlie dilference in height between the ends. 

26. Plot a graj>h showing how the acceleration of a body rolling down an 
inclined plane varies with tlie height of the jdane. 

27. Calculate the kinetic energy of the given body when it is rotating 
with unit angular velocity about its axis. 

28. Plot a curve showing the relation between the time of swing of a 
simple pendulum and the square root of the length. Deduce a value of g 
from the results. 

29. Find the length of the simple pendulum supplied by determining the 
time of swing, assuming p' = 981 in C.G.S. units. Adjust the length so that 
the time of one complete swing is 2 sec. 

30. Plot a curve showing the variation of period with length for a simple 
pendulum, and deduce the length of a ‘quarter seconds’ pendulum, i.e. a 
pendulum requiring half a second to swing both ways. 

31. Find the period of swing of a pendulum 20 inches long, wdthout 
actually using one of that length. 

32. riot a graph showing the relation between the length of the simjde 
pendulum and {a) the time of swing, (5) the square of the time of swing. 
Deduce the value of g, the acceleration due to gravity. 

33. Plot a graph showing how the time of oscillation of the given torsion 
pendulum varies with the distance from tlie axis of the added symmetrical 
load. 

34. A thin lath is fixed liorizontally at one end and loaded at the other. 
Plot a curve showing how tlie time of vibration varies with the load. 

36, From observations on the oscillations of a loaded spring prove that 
the square of the time of oscillation divided by the load is approximately 
constant. 

36. The two ends of a heavy bar are connected by a string whose middle 
point is attached to a fixed support. Find how the time of oscillation of 
the system under gravity depends on the length of the string, when the 
bar remains in the same vertical jilane during the oscillation. 

37. Verify Boyle’s law by pouring mercury into the open limb of a 
U-tube the other limb of which is closed. 

38. A U-tube contains mercury in the bend and air in the closed limb ; 
use it to find the height of the barometer. 
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CHAPTER I 

INTRODUCTORY THEORY 

§ 1 . Velocity : Frequency and Wave-Length 

Most of the experimental determinations in sound are either 
determinations of the velocity of sound in different media or 
else determinations of pitch and the associated quantities, 
frequency, and wave-length. Sound is propagated through any 
material medium as a wave-motion, the disturbance being 
produced by the sounding body and causing the sensation of 
sound when it reaches the ear. 

The Velocity of Sound varies with the medium through 
which it travels. It can be shown that the velocity with which 
sound is propagated through a medium of elasticity E and 
density p, is given by the equation 



E is the modulus of elasticity corresix^nding with the par¬ 
ticular strain caused by the wave-motion. 

EFFECT OF TEMPERATURE ON THE VELOCITY 
OF SOUND IN A GAS 

The modulus of elasticity concerned when a sound wave 
travels through a gas, is equal to yP, where y is the ratio of the 
specific heats of the gas (a constant) and P is iU j>ressure. 
Hence the velocity, V, of sound in the gas is equal to ^/ yP/p, where 
p is the density. 


201 



202 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. II 


Now P//> = RT (see section on Heat, p. 341); therefore V, the 
velocity of sound in the gas, is equal to V'yKT, or is propor¬ 
tional to the square root of the absolute temperature. 

If a is the gas coefficient 

T/To = 1 + a/, 

where i is temperature in degrees centigrade. 

Velocity of Sound at C /^ - v/l—wi. 

Velocity of Sound at 0^" 0 ~ \/ T“ ^ 

or Vt = VoV*+^^* 

When i is not large, this is written as 
Ve = Vo(l+W); 

find hence the velocity of sound at any temperature can be 
calculated if the velocity at 0° C. is known. 


PITCH AND FREQUENCY 


The musical pitch of a note depends on the number of 
vibrations made by the sounding body in one second or the 
vibration frequency of the note. The note called middle C 
on a piano is taken to correspond with a vibration frequency 
of 256. This is called the scientific pitch of middle C. The 
middle C of concert pitch has a frequency considerably above 
this, while other standards of pitch are some above and some 
below this scientific standard. 

The reason for the choice of 256 as middle C in scientific 
work is in order that the number of vibrations corresponding 
with any C shall be a whole number, 256 being equal to 2® 
(see below). 

Musical Interval depends on the ratio of the vibration 
frequencies of the two notes, the ratios for various intervals 
being: 


octave 

fifth 

fourth 

major third. 


l-H 

minor third 

. 

. 5:6 

2 : 3 

major tone . 


. 8:9 

3:4 

minor tone . 

, 

. 9:10 

4 ; 5 

semitone 

, 

. 15:16 
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The Belation between Velocity, Freauency, and Wave-Length. 

—Let the velocity of sound in any medium be indicated by 




V cm. per sec. Choose two points A and B (Fig. 112), such that 
their distance apart is V cm. 
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At A an observer is stationed, and at B a body is set into 
vibration, emitting a note the vibration frequency of which is n. 

The time taken for the first wave to reach A will be one 
second, since the distance AB is equal to Y; thus the observer 
at A will just be receiving the first wave as the 7ith wave is 
emitted from B. 

Between A and B there will thus be n waves moving towards A. 
If each wave is of length A (Fig. 113), then the length AB must 
be equal to wA, and we obtain the important result that 

V=JiXo 

§ 2. Resonance 

THE PRINCIPLE OF RESONANCE 

If two neighbouring bodies have identical frequencies and 
one of them is set in vibration, the other will take up a 
rhythmic vibration due to the vibration of the first. This 
vibration, which is communicated to the second body, may attain 
considerable amplitude; so that if the first body is stopped the 
second may continue to vibrate for some time afterwards. 

This principle is not limited to sound but is common to all 
forms of vibratory motion. It can be understood readily by 
considering a simple case, such as that of two accurately attuned 
tuning-forks. One of these is set in motion, and wave disturbances 
from it riRch the other. The prongs of the second fork are 
alternately pressed away from and drawn towards the first fork, 
in consequence of the alternate compressions and rarefactions 
reaching the prongs through the air. These occur exactly in 
step with the natural motion of this second fork, which is just 
starting to spring back into its mean position after the first 
pressure wave, when the rarefaction commences, its backward 
motion being thereby assisted. The fork moves beyond its equi¬ 
librium position under its own momentum and this assisting force, 
and is just turning to move forward again when the. next pres¬ 
sure wave arrives; under the pressure wave it is ur<^ed forward 
instead of being merely allowed to move forward under its own 
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elastic forces. Thus every vibration of the fork is assisted by 
a force exerted by the air near to it, and tho succession of light 
impulses, insignificant vrhen considered singly, has a cumulative 
effect vrhich results in the fork taking up a vibration of consider¬ 
able amplitude. All other cases of resonance can be explained 
in a similar way. 


STATIONARY VIBRATIONS 

When two wave-trains of equal intensity are passing through 
the same medium in opposite directions, stationary vibrations 



are set up. If, in Fig. 114, the thin wavy line represent a wave 
motion moving to the left, and the dotted line a similar motion 
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moving to the right, their resultant action on the medium 
between and is represented by the thick line in each case 
considered. Certain points Nj, Ng, Ng are never disturbed at all, 
while points A^, Ag, Ag are disturbed more than any other points 
in the whole line. N^, Ng, Ng are called nodes, and A^, Ag, Ag are 
called antinodes. 

It will be seen that the distance between two consecutive 
nodes or between two consecutive antinodes is equal to half 
a wave-length; or, from a node to the next antinode is a 
quarter of a wave-length. 

This result is employed in the experiments described below. 

THE RESONANCE TUBE 

The column of air in a tube (such as an organ pipe) open at 
the upper and closed at the lower end can vibrate in any way 
which permits of free motion at the open end and zero motion at 
the closed end, i.e., so as to make the open end an antinode and 
the closed end a node. Different modes of vibration, correspond¬ 
ing to different frequencies, are illus¬ 
trated diagramatically in Fig. 115. It 
will be seen that the length of the pipe 
is respectively Aj/4, 3^2/4, 5X^/4, etc., 
Ap Ag, Ag being the wave-lengths of the 
possible vibrations. 

When a tuning-fork is placed over 
the open end of the tube, resonance 
occurs provided the frequency of the 

Fio. 115.— Modes of Vibration in fork is in agreement with any one of 
Hesonance Tube of flxed length. , .-.i i • n.n 

the possible modes of vibration of the 
column of air in the tube. The air in the tube is set in stationary 
vibration, being under the action of the waves sent out by the 
fork, and of the waves reflected from the closed end. Fig. 115 
may be taken to represent resonance for a tube of fixed length 
using three different tuning-forks. 

The resonance tube is usually arranged so that its length can 
be varied readily. If a fork of given pitch be held over the end of 
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the tube, and the tube be adjusted to resound to the note emitted 
by the fork, the sliortest length of tube which will give resonance 
is a length such that = A/4, A being the wave-length in air 
of the note emitted by the fork. 

The next length giving resonance will be such that = 3A/4, 
and so on ; so that we can determine the wave-length in air of 
the note emitted by the fork. 

A slight correction has to be applied for the diameter of the 
pipe ; the length is not exactly equal to A/4, nor is exactly 
3A/4. The correction for a cylindrical pipe is approximately 
3/5 the radius, when the pipe contains air. 

Thus + ~ Ti 

5 4 


and 





4 ‘ 


These corrected lengths l\ and should be used in calculat- 
ing A. 

The correction need not be known if and can both be 
found; for ^ 


quite accurately, the correction being eliminated by taking the 
difference between and 

If A is found by this means for a fork of known frequency, 
the velocity of sound in the air in the pipe can be calculated, for 

V = n\, 

A, the wave-length in the air in the pipe, is known, and n is 
given; therefore V can be obtained. Or if V is given, n can be 
calculated. 

If two forks are used, the ratio of their frequencies can be 
determined by obtaining the values of A corresponding with the 
notes they emit. 

V = w^Ai, 

V = ^2^2^ 

• *1 = ^ 

*■ «. A, 

B 
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-' Expt. 79. The Besonance Tube. —The Resonance tube is 
conveniently constructed in either of the forms shown in 
Fig. 116. The first consists of a counterpoised brass tube 
which projects from a tall standard tube containing water. 



A scale of cm. is graduated on the movable brass tube, the 
zero of the scale being at the top of the tube. The level of 
the water can be read on the scale by a window in the standard 
tube, and hence the length of tube giving resonance can 
be determined conveniently. 

The other form is so simple that it needs little explanation. 
The level of the water is adjusted by moving the reservoir, 
and the length of the tube containing air is measured with 
a metre scale. 

Adjust the resonance tube to give resonance with several 
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different forks, obtaining both the first and second resonance 
length, if possible, with each fork. 

(i.) Calculate the velocity of sound in the air in the pipe 
from the known frequency of one of the forks Observe the 
temperature of the room and reduce the value of V obtained 
at this temperature to give the velocity at 0“ C., by means of 
the formula (p. 202) 

V, = Vo(l + M. 

Or (ii.) Being given the velocity of sound in air at 0® C., 
calculate the velocity of sound in air at the room temperature, 
and hence deduce the frequency of a given tuning-fork. 

(iii.) Compare the frequencies of two forks from observations 
with the resonance tube, and check the values so calculated by 
means of the frequencies marked on the forks. 

(iv.) Find two positions of resonance using a fork of 
known frequency, and then calculate the end correction. 
Compare the result with the value 311/5 given in the text. 

(v.) Find two positions of resonance for a number of forks 
of known frequency, and plot a graph showing the relation 
between and 1/n. If the tem[)erature remains 

constant during the observations the graph should be a straight 
line. If the temperature changes, each value should be corrected 
to 0^^ C. 

Kepeat Experiment 79 with the resonance tube filled with carbon 
dioxide (CO< 2 ), and find 

(a) the velocity of sound in COg, 

{b) the end correction to be applied when the tube is filled 
with COg. 

Experiments may also be carried out with a resonance tube open 
at both ends. For this purpose two tubes, one sliding inside the 
other, may be employed. Note that for a tube open at both ends 
an end correction must be applied for each end of the tube. 

Note. —The velocity of sound in dry air at 0° C. is 331*3 metres 
per second or 1087 feet per second. 
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J 1. Determinations oe Frequency 

THE SIREN 

The Siren is an apparatus wliioh, in tlio form most conveniont 
for scientific use, was invented by Caignard de la Tour. It consists 



Fio. 117.—The Siren. 


of a wind-chest, with a number of perforations distributed at equal 
distances round a circle in the top surface of the box, the holes 
being drilled at an angle to the surface as indicated in the part 
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section shown in Fig. 117. Al)Ove tin's box, and very close to it, 
is a circular j)late drilled Avith a similar set of holes, inclined the 
opposite way to those in the top of the chest. This plate is 
mounted so that it can rotate on the wind-chest in such a manner 
that the one set of holes })asses over the other as the plate rotates. 

When the chest is filled with air under pressure, the air emerges 
throiigli the holes, and, impinging on the holes in the disk, sets 
the latter in rotation about its axis. 

The holes in the chest are thus covered and uncovered at regular 
intervals, pull's of air escaping periodically as the two sets of holes 
coincide momentarily, and thus periodic pressure waves are sent 
out into the air, producing the j)eriodic disturbance called ‘sound.' 

A worm gearing and lootlKul wheels in the case at the to]> cause 
the revolutions to be recorded on the dials shown. By measuring 
the time required for a definite number of revolutions the rate of 
revolution of the disk can be obtained. 

Suppose that the disk and the top of the chest have n holes in 
the ring, and N i'evc)lutions of the disk are made in t seconds, the 
total number of ‘pufis ’ made*, is in t seconds, and the fre(j[uency 
is therefore n'N jt. 

By adjusting the s])eed of revolution till the note of the siren 
is in unison with the note of thci vibrating body, we can obtain the 
vibration frecpiency of this body, as it is then ecpial to that of the 
note given by the siren, viz. 

Ex FT. 80. Determination of Pitch by means of a Siren.— 

Adjust the siren to unison with a vibrating tuning-fork or to 
a sounding organ-pipe.^ K(‘ep the rate of revolution constant 
by adjusting the tap and tlu‘ ]»ressure in the bellows, and find 
the vibration frecfuenc^y of the siren. This is given by 
and is the same as the fiecpieney cjf the note of the fork or 
organ-pipe used. 

Other methods of determining frecpiency are employed in the 
following experiments :—■ 

Exft. 81. Determination of the Pitch of a Tuning-fork 
by the Dropping Plate Method. —Place a light style of stifif 
hair on ilie prong of a tuning-fork, fi.xing it in place with 
wax. Busj)eijd a smoke-blackened sheet of glass in a heavy 
frame from a stand (Fig. 118), using a piece of cotton passing 
over two pins for this purpose. Mount the fork so that the 
hair gently touches the glass near its bottom end, bow the 


’ See notes on tuning, p. 224. 
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fork witk a violin-'bow, and release tlie glass by burning 
the cotton thread between the pins. 

When the glass is examined, a wavy trace will be found 
on the blackened surface, the trace being made in the soot by 



the style as the plate fell. From the trace thus formed, the 
vibration frequency of the fork can be found as follows : 

(i.) If the beginning of the trace is quite clearly defined, 
measure the distance « from the beginning to the last wave 
shown on the glass, and count the number of complete waves 
in this distance; let this be N. 

The glass falls under its own weight, and in t seconds it will 
fall a distance s = since it has no initial velocity. Thus the 
time t required to fall the measured distance 8 can be calculated, 



During this time the fork made N vibrations, therefore the 
vibration frequency of the fork is 'NJt 

(ii.) If the trace is not clear at the beginning, start at the first 
clearly defined crest and count off a certain number of waves 
n (say 20) marking the ^ith crest. Count beyond this a further 
set of n waves. Measure the length of the first set, and 
the length of the second set of n waves. 
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If tlio velocity of the glass when passing the first crest was Vq, 
and the time taken to make n waves is we have 

*1 = V+J5'«® 

When the second of the marked crests was being passed, the 
velocity of the glass was v^ = v^^-\-(/L 

The distance is given by ? | 

^2 C S, .fiwaues 

or Sis = v^t + fft^ + ifft\ ) 

since i® described in the same length of time as 5^. \ '^1 

Thus ^ 2 "^ h~9^^ J \ 


In tills time n vibrations are made; therefore J 
the vibration frequency = njt. / 

Expt. 82. Kundt’s Tube. —A glass tube, \ 
about 1 metre long and 5 cm. internal j U 
diameter, is dried thoroughly over a BunseiY J 

flame. The tube, closed at one end with a / 

cork, is lightly dusted inside with dry cork I 
powder or lycopodium dust. Rotate the tube \ 
about a horizontal axis till the dust is just on j 

the point of slipping down the walls. A rod, J 

fitted with a light disk of cork or ebonite at / 
the end, is fixed with this end just projecting I 
into the tube. The disk is made rather \ ^ 
smaller than the tube, so that the end of ] 
the rod and the attached disk can vibrate p,,, of 

freely inside the tube. Tuning-iork. 

The rod is clamped exactly at its middle 
point, and is set into longitudinal vibration by stroking length¬ 
ways with a resined leather or cloth. By this means the air 

Soundina Rod 


Fio. 119.—Trace of 
Tuning-l'ork. 


Fia. 120,—Kundt's Tube. 


in the tube is set in vibration, waves being sent down the 
tube, which give rise to returning waves by reflection from the 
fixed cork at the other end of the tube. 
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The tube is pushed })y very small amounts over the end of 
the rod, the rod being stroked so as to cause it to sound after 
each fresh adjustment. A position is reached where the air or 
gas in the tu})e resounds to tlic note of the rod. When this 
is the ease the dust in the tube is caught up in the swirl of 



Fio. 121.—Antinodea in Kundt’a Tube. 


the air, which is set in violent vibration. After the motion 
lias died down, tlie dust settles in cliaracti^ristic ritlges at the 
a ritinodes.^ Several antinodes are tluis fairly clearly marked, 
and the distance between two at some consideraVile distance 
ai)art is measured. 

From the number of heaps between these two, the number 
of intervening antimxies is found, and the wave-length of 
the note in the gas in the tube is obtained, the distance 
between two consecutive anticodes being lialf a wave-length. 

The pitch of the rod is now found by means of a sonometer 
(see experiments with sonomekn*, 219), using a tuning-fork 
of known frequency for comparison ; and from this the velocity 
of sound in the gas can be determined using the relation 

V = /iX. 

If the velocity of sound in the gas is assumed to be known, the 
frequency of the note of the rod can be determined by this same 
equation. 

Oaloulation of Young’s Modulus for the Rod. —The rod 
vibrates with a node at its middle point and an anti node at each 
end; hence its length is equal to half the wave-length of 
the note in the material of the rod. 

The velocity of sound in the rod is where p is the 

density of the rod and E the modulus of elasticity for longitudinal 
strain, i.e, E is Young’s Modulus. 

If V' = Velocity of sound in the rod 

and V = Wave-length of sound in the rod, 


* By continued sounding it is possible, thougb difficult, to get the dust to 
settle in little heaps at the nodes. 
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Here n is known, A' Is equal to twice the length of the rod, 
which can be measured ; hence Y' can be calculated. 

The density of the rod is also known, and 



hence we can find Young’s Modulus for the material of the rod, 

§ 2. Beats 

When two pure notes of nearly the same pitch are vsounded 
together, periodic variations in the intensity of the sound are 
heard. These alternations of sound and comparative silence are 
termed Beats. They can be plainly recognised when two tuning- 
forks of nearly the same frequency are sot in vibration together. 
If the forks have frequencies and Ng respectively, the number 
of beats per second is the difference between these frequencies, 
w = Nj - Ng. Here Nj^ is supposed greater than Ng. 

This result can be explained by the principle of interference. 
The velocity of propagation is the same for the two notes, but 
the wave-lengths differ slightly. Where the waves agree in phase 
they will strengthen each other, but where they are opposed they 
will neutralise one another (Fig. 122). Let us take as starting- 
point an instant when waves from the two sources reach the ear in 
the same phase. At the end of one second, the higher note has 
made complete vibrations, the lower note only Ng, that is, 

Fitj. 122.—Vaiiations of Amplitude in Beats. 

the higher note has made more vibrations than the 

lower. During the second, one system of waves has been falling 
behind the other, and the loss amounts to - Ng wave-lengths. 
Hence there must have been - Ng occasions in the course of 
the second when the two systems agreed in phase, and Nj - Ng 
occasions when the phases were opposed so that there was com¬ 
parative silence. In other words, the number of beats in one 
second is n = N^ - Ng. 
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If two notes are nearly in unison, the beats are \ery slow 
and it is diflicult to distinguish them. On the other hand, if 
the number of beats is more than four per second it is difficult 
to count thorn. When the boats become so rapid that they 
cannot be separately perceived, a * discord * or * dissonance' 
is produced. 

Expt. 83. Beats between Tuning-forks. —Take two 
tuning-forks of nearly the same pitch mounted on resonance 
boxes. The frequency of one fork 
can be altered by means of a 
movable mass which can be clamped 
at any part of the prong (Fig. 123). 

Fix the mass at a definite dis¬ 
tance from the end of the prong, 
and count, the number of beats 
made with the other fork in a 
measured interval of time. 

The number of beats per second 
should be determined by counting 
as many beats as possible, taking 
the time with a stop-clock or stop¬ 
watch. 

Repeat the observations with the mass at other points on 
the prong, and plot a curve showing the relation between the 
distance of the mass from the free end of the jjrong and the 
number of beats per second. 





CHAPTER III 


TRANSVERSE VIBRATIONS OF A STRETCHED 
STRING 

§ 1. pROrAGATION OF TRANSVERSE WAVES ALONG A 
Stretched String 

The expression for the velocity of a transverse wave along a 
string under tension, can be shown to be 



where T is the force or tension exerted on the string, and m is 
the mass of unit length of the string. 

If T is measured in pimndals and m in pounds per foot of 
length, the velocity is given in feet per second ; with T in dynes 
and m in gm. per cm, length, the velocity is obtained in centi¬ 
metres per second. 

Expt. 84. Determination of tlie Velocity of a Wave 
along a String. —Set up a cord several metres in length, fixed 
at one end and with the other passing over a pulley and carry¬ 
ing a scale-pan. Stretch the cord by various weights placed 
in the scale-pan. Pluck the cord at one end, and find the 
time taken for the disturbance to travel, say 10 or 15 times, 
from end to end of the string. This can be done easily, for 
the motion of the disturbance is plainly visible and the time 
taken can be noted with a stop-watch. 

Calculate the tension of the string in dynes from the known 
mass M hanging from the end, 

T “ Mg dynes. 

M here includes the mass of the scale-pan. 
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Determine the mass of 1 cm. of the cord by weighing a 
known length of a similar cord. 

From the observations of the motion of the disturbance, 
calculate the velocity of the wave along the string, and show 
that the observed velocity is equal to cm. 2 )er sec. 

Expt. 85. Determination of an Unknown Mass from 
Observations on the Velocity of a Wave. —Hang an unknown 
mass M on the string used in the last cxj)erinient, and observe 
the velocity of the wave disturbance as before. Calculate the 
mass of the suspended body from the equations 


and 


M (unknown) = 
T-V27n. 


T 

9 ' 


Verify your result by iictual observation of M, using a 
balance. 


§ 2. Stationary Vibrations of a Stretched String 
If a string is stretched between two points A and 






«<. Reflected 

--B 


Re-reflected 

Fig. 124.— Reflection of Disturbance from Ends of Stretched String. 


B 


(Fig. 124), and a disturbance is created at any point on the 
string, the disturbance travels to one end, and is there reflected 
reversed to the other end. Here it is again reflected, but now 
in the same form as the original disturbance, i.e. the string is 
in exactly the same condition as at first, after the disturbance 
has travelled twice along its length; or when the disturbance 
has travelled once along and once back, the vibration of the 
string has completed one cycle. 

Now the velocity of propagation is ^Tjm, and the distance 
travelled by the wave in a complete cycle is 21 Hence the 
period of vibration is 
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21 


or the vibration frequency 




- » 


m' 

This expression enables us to calculate the frequency of a 
string if the various quantities Z, T, and m are known. 

THE SONOMETER OR MONOCHORD 

A sonometer consists of a firm frame carrying two fixed bridges 
over which one or more strings or wires can be stretched. Usually 
one string is fixed permanently to the apparatus, and 
its pitch is varied by ‘keying up,’ wrench keys or 
other means being supplied whereby the tension can 
be adjusted as desired. Another string is also used, 
one end being fixed over one of the fixed bridges, 
while the other end, })assing over the other bridge, 
carries a scale-pan. The tension in this second string 
is adjusted by suspending masses in the scale-pan 
hanging from it, and for this reason the sonometer is 
best supported in a vertical position. If a horizontal 
position be used, the string has to pass over a pulley 
so that the weiglits can hang downwards. There is 
usually considerable friction at the pulley, so that 
tlie tension on the string is not necessarily the same 
as the weight hanging from the end. A pair of 
movable bridges is also supplied, one for each string; 
by moving these bridges along the strings, the sound¬ 
ing length can be altered at will, and the pitch of 
either string changed as a result of the altered length. 

Expt. 8G. Determination of the Variation 
of Pitch with Length. —The sonometer is set up 
and the tension of the keyed wire adjusted so 
that a musical tone is emitted on plucking the 
wire. Several forks of known frequency are 
supplied, and the length of the keyed wire is 
altered by shifting the movable bridge, so as to 
give unison with each fork in turn, the tension of 
the wire being kept constant throughout. See 
the notes on tuning on p. 324. 

The lengths /j, etc., corresponding with the frequencies 

^ 2 » forks (and of the tuned wire), are determined. 




Fia. 125.~Verti- 
cal Sononuiter. 
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It will he found that ~ showing that the fre¬ 

quency of the wire under constant tension is inversely pro¬ 
portional to its length. 


Use this result to find the pitch of an unmarked tuning- 
fork, tuning the wire first to unison with a known fork, and 
afterwards tuning to the unknown fork. 


or 


(unknown) = nS (all known) 


To determine the way in which the frequency of a wire of con¬ 
stant length varies with tension, etc., is a matter of some difficulty, 
requiring the use of a large number of tuning-forks of known pitch. 
In the following experiments an indirect method is used, the wire 
being tuned by altering the length as well as the tension, the effect 
of the alteration of length being allowed for by a sim})le calculation 
involving the result obtained in the experiment just described. 


Expt. 87. Determination of the Variation of Pitch with 
Tension. —Apply different tensions to the second wire of the 
sonometer and find the lengtlxs of this wire which vibrate in 
unison with a certain length of the fixed wire, the fixed wire 
being kept under constant tension. Let the tensions be 
Tg, Tjj, etc., and the attuned lengths be etc. 

In order to find how the pitch of a constant length of the wure 
varies with the tension acting in the wire, we apply the result 
obtained in Experiment 86 in the following manner. 

Let the pitch of the length when pulled with a tension T^, 
be ny A length of the same wire had the same frequency Ttj when 
pulled with a force Tg. If we had used the same length of wire 
as at first (^j), the pitch under tension Tg would have been 


and we can therefore calculate the pitch of a length of wire /, 
when under a tension Tg. 

Similarly the length l^ would have had a vibration frequency 
Wg = n^p if it had been sounding under a tension Tg. 

Calculate n^^ n^ etc., and show that n is proportional to VT. 
Arrange the results of the observations as in the Table :— 



CH. Ill TRANSVERSE VIBRATIONS OF A STRETCHED STRING 221 


Frequency of note of fixed string 


Tension of Weighted 
Wire in Gia.-wt. 

T. 

Ijength giving Not^ 
of FriM^uency tij. 

1. 

Calculated Froqnency 
for a Jjexigth 

r« * 

Ti= 

?l = 


vt;_ 

li 


h 

n.,=:-ni = 

li 


^3^ 

It 

^ ^ s 


The last column of the table will be found to Ije constant, 

i.c. it ii^roportional to Jt, 

88. Variation of Frequency with Mass per Unit 
Length.—Stretch a wire on the sonometer with a given load, 
and find wliat length of it vibrates in unison with the fixed 
wire. 

llemove the wire, and replace it by a second wire stretched 



Fio, 12Ci,—Horizontal Sonometer, 


with the same load ; again find the length giving unison with 
the fixed wire. 

Repeat this for three or four different wires, using wires of 
different material, or different diametc^r, each time. 

Weigh each wire or a portion of each wire, measuring the 
length of the part weighed: a considerable length should be 
used to obtain accuracy. Calculate the mass of 1 cm. of each 
of the wires used. 

By the result obtained in Experiment 86 calculate what frequency 
each of the wires would have had, if each had been under the same 
tension but of length equal to the length of the first wire used. 
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This gives the value of n for each of the wires when equal lengths 
are vibrating under the same tension. 

Show that n Jm is the same for each wire, Le. that n is pro¬ 
portional to Ijjm, 


Arrange the results as below :— 

Frequency of fixed wire —Wj. 


Lengths of Wire 
vibrating in Unison 
with Fixed Wire 
hj hi hi 

Mass of each Wire 
l)er cm. Length 
mi, TiU2i 

Calculated Frequency of 
a Length li of eacli Wire 
under the given Tension 
9lj, 112, Wg. 


Zl=: 

mi~ 

Til (as above) — 

7hi s/ nii 

4- 



712 


^3 = 

^1 

TIq s/7112 


The last column of the table will be found to bo constant, 
t.6. n varies as Ijjm, 

Expt. 89. Absolute Determination of Pitch with a Sono¬ 
meter. —Stretch a wire with a known force T dynes. Find 
the length I cm. vibrating in unison with the fork whose 
frequency is to be determined. 

Cut off a length of the wire, weigh it, and determine its 
mass per unit length, m gm. per cm. 

Calculate the vibration frequency of the wire, which is the 
same as that of the fork with which it is in unison. 



These results can be applied in various ways. The following 
exercises are suggested as corollaries on the vibration of strings ;— 

Expt. 90. Determination of the Density of the Material 
of a Wire, using the Sonometer. —In this determination the 
wire must not be removed from the sonometer board. A fork 
of known pitch is supplied. Stretch the wire with a known 
force, and tune a length of it to unison with the given fork. 
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In tlie equation 

n is given, T is known, and I is measured. Hence m can be 
calculated. 

Now 77? is the mass of a cylinder of metal 1 cm. long, and 
of diameter equal to tliat of the wire, i.e. 

m = 

where r is the radius of the wire, and p its density. Hence p 
can be determined from the calculated value of t/?, if tlie radius 
of the wire is measured with a micrometer screw. 

Expt. 91. Betemuuation of the Weight of a Given Load 
hy the Sonometer. —Another useful exercise is to weigh a bag 
of weights by means of a sonometer. A fork of known pitch 
is supplied, and a length of wire when stretched with the 
bag of weights, is tuned to unison with the fork. The mass 
of 1 cm. of the wdre is determined by weighing a considerable 
length of the wire. Thus in the equation 



n, and m are all known or determinable, and hence T can 
be calculated. 

Now T=*My dynes, where M is the mass of the bag in 
grams. Hence 



and the mass of the bag can thus be found. 

Note. —Avoid such * formulae' as 

1 /T 

”‘“2ZrV 

These are quite true, but to remember them is a useless 
burden on the memory, and the results required can always be 
found from the fundamental equation 
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by an ai^plication of first princij)les. Even the fundamental 
equation itself need not be remembered, if the student will deduce 
it as shown on p. 218. 

§ 3. Notes on Tuning 

In tuning a fork and a string, two strings, or any two notes 
to unison, there may be a difficulty if the student has no musical 
‘ ear.^ In this connection certain aids may be used to indicate 
when the tuning is correct. One of these is given by the pheno¬ 
menon of heats. When tuning is close but not perfect, the two 
notes will ‘ beat,’ and the rapid variations in intensity of the 
sound will be observable even if there is no musical appreciation 
of approximate unison. 

The notes will be in unison when the beats are so slow that 
they cannot be detected. In using the sonometer, adjust the 
string by very small alterations in length so tliat the beats get 
slower and slower. When they can no longer be distinguished, 
the notes may be considered as identical, Le. the frequencies of 
the sounding bodies are equal. 

Another method, when a horizontal string is used, is to place a 
small rider of paper on the middle of the string to be tuned. If 
the other string or the fork be sounded, the fork being allowed 
to rest on the sonometer board, the paper rider will flutter if 
tuning is close; it will be thrown violently off the wire if the 
tuning is exact. Thus, by altering the length so as to increase 
the fluttering, the wire may be tuned to the other string or 
fork. The reason for this has already been dealt with under 
the ‘Principle of Resonance’ (p. 204). 

In plucking a string to excite its note, care should be taken 
to avoid touching the string with the finger nail, as this may 
introduce overtones; the string should be pulled aside between 
the thumb and finger. 

When listening to the note of a string, a small plate of 
wood fitted with a wooden handle may be held to the ear, the 
end of the handle being placed in contact with the base-board 
of the sonometer. 
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ADDITIONAL EXERCISES IN SOUND 


1. Havin" given two tubes arranged so tliat one can slide inside tlie 
other, measure the frequency of a fork by finding the position of resonance 
for the comj>ound tulie open at both ends. 

2. Compare the frequencies of two tuning-forks by the dropping plate 
method. 

13. Find the velocity of sound in the given glass rod. Clamp a stout glass 
rod about 6 feet long at its middle ])oint and find (page 214) the frequency 
of the note produced when the rod is rubbed longitudinally by a cloth 
moistened with alcohol. Determine the density of the glass and deduce the 
value of Young's Modulus. 

4. Find the mass of 1 cm. of the given cord by determining the velocity 
of a transverse wave along it under a known tension. 

fi. Comi)are the densities of the materials of two wires by means of the 
sonometer. 

6. Compare the frequencies of two forks by means of the sonometer. 

7. Com[>arethe weights of two loaded bags by means of the sonometer. 

8. Stretch a wire with different weights, and find what lengths of the 
wire are in unison with a fork of known frequency. Deduce the stretching 
force required to make a similar uire, 2 metres long, vibrate with a 
fre(juency of 50 vibrations per second. 

9. Plot a curve showing the relation between the volume of the given 
resonator and the frequency of the resonant vibration. (The resonator in 
this experiment is an onliuary me«licine bottle with a narrow neck. The 
volume may be altered by a<lding \Natcr.) 

10. Fiml the frc(juency of a tuning-fork by attaching a bristle to one 
prong and producing a trace of the vibrating point on a smoked drum 
revolving at a measured speed, 

11. Find the dilference between the frequencies of two given tuning-forks 
by counting the beats between them. Determine which fork has the higher 
pitch and load it until tlie freijuencies are the same. (An auxiliary fork of 
nearly the same pitch may be employed in this experiment.) 

12. Employ Kundt’s tube to determine the velocity of sound in {a) coal 
gas, (6) carbon dioxide. 

13. Compare the velocity of sound in coal gas with the velocity in air by 
means of Kundt’s tube. 

14. Clamp a thin steel strip, about 50 cm. long and 2 cm. wide, in a vice, 
and find how the frequency of vibration depends on the length of the 
portion in vibration. 
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CHAPTER I 


THE LAWS OF GEOMETRIOAL OPTICS 
§ 1. Parallax 

Light tniV(‘,ls in straight lines so long as its path lies in a medium 
the properties of which are the same at all points and in all 
directions round each j)oint. From the Rectilinear Propagation 
of Light it follows that a ray of light, i.e. a beam of light of 
very small cross section, can be represented by a geometrical 
straight line. 

The direction in which any object is seen depends on the 
direction of the ray entering the eye of the observer. The term 
parallax, originally used in connection with astronomical 
observations, means the apparent displacement of an object 
caused by an actual cliange in position of the observer; if a 
difference is made in the position of the point of observation, 
there is a corresponding difference in the apparent position of 
the object. Thus, if two bodies are viewed from a certain 
point, their relative positions will be altered if the observer 
move to anothci- position. To illustrate this, set up two retort 
stands on a table and view them from such a position that the 
more distant rod apj)ears to be directly behind the nearer. If 
the observer now move to the right, the further rod will appear 
to the right of the nearer, as viewed from this new position. 
Similarly, if the observer move to the left, the more distant rod 
will appear to move to the left of the nearer. Thus, the object 
at a greater distance moves in the same direction as tbe 
observer, relatively to an object at a smaller distance. 
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When the rods are placed nearer together, the relative motion 
of the rods for a given displacement of the observer is reduced. 
If the rods are placed one in continuation of the other, they 
appear together from any position in which the observer places 
himself. The same principle applies in dealing with images 
formed by mirrors or lenses. When two bodies are coincident, 
or in continuation of each other, there is no parallax between 
them, and this test is frequently used to determine if two bodies 
or two images are coincident. If parallax is observed, the rule 
given above determines at once which of the two is more distant. 
This method of experimenting is termed the method of parallax. 
Interesting examples of parallax may be met witl^m everyday 
life, as in the case of objects seen from the windows of a rapidly 
moving conveyance. 

§ 2. Reflection at Plane Surfaces 

THE LAWS OF REFLECTION 

When a ray of light falls upon a polished surface it is reflected 
in accordance with the following laws :— 

Law I. The incident ray, the reflected ray, and the normal 
to the surface lie in one plane. 

Law II. The angle between the incident ray and the normal 
(the angle of incidence) is equal to the angle between the reflected 
ray and the normal (the angle of reflection). 

Expt. 92. Verification of the Laws of Refiection.— 

These laws may be verified by means of a plane mirror and 
a number of pins in the following way :— 

Attach a sheet of drawing-paper to a drawing-board, and 
on it place a strip of mirror with its plane vertical. The 
mirror can be supported by a wooden block with a vertical 
groove. The mirror should be of good plate glass but quite 
thin. If possible, glass silvered on the front surface should be 
used. 

Draw a line on the paper to mark the position of the 
reflecting surface. Fix two pins into the board at points such 
as P and Q (Fig. 127). On looking into the mirror the images 
of these pins will be seen. Move the head till these images 
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appear in a straight line, and then fix two other pins, R and S, 
in line with the images. P and Q should be some distance 
apart, say 10 cm. or 15 
cm. R and S slioiild bt' ^ 
at a similar distance apart. 

The line PQ is the trace of 
an incident ray, RB that 
of a reflected ray. 

If the mirror is per¬ 
pendicular to the drawing- 
board, the feet of the i)in8 
R and S should appear in 
an unbroken line with the 
feet Oi the pins P and Q. 

, For in chis case the normal 
to the mirror lies in tluj 
plane of the drawing-board, and according to tht‘ first law of 
reflection the incident ray, the reflected ray, and the ncn-mal 
to the mirror must lie in one plane. 

Let the rays PQ and RS meet the mirror at the point L. 
Draw LN", the normal to the mirror at L. Measure the angles 
MLN and KLN with a protractor, and also measure equal 
distances LK, LM (say 10 cm.) along the two rays and join 
KM. 

If KN and MN are equal, the triangles are equal in all 
respects, and the angles MLK and KLN are equal to each 
other. Measure the lengths of KN and MN and record the 
results. 

In order to verify the second law of reflection, the deter¬ 
mination must be repeated for at least two other directions 
of the incident ray. In each case the angle of incidence should 
l^e found approximately equal to the angle of reflection. 

If the mirror is thick, PQ and RS will meet at a point 
behind the front surface about two-thirds of the way through 
the glasa The place where they intersect should be taken as 
the equivalent reflecting surface. 

The image of any object formed by a plane mirror is at the 
same distance behind the mirror as the object is in front of it. 

Expt. 93. The Image formed by a Plane Mirror. —Fix 

a pin somewhere in front of a plane mirror and find by trial 
the position of the image. This can be done by viewing a 
second pin over the top of the mirror and moving it about till 
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there is no parallax between the second pin and the image of 
the first, i.e. there is no relative motion between th(^ image 
and the second pin on moving the head from side to side (see 
p. 229). 

Measure the perpendicidar distance from the first })in to 
the equivalent reflecting surface, and also from tlie image to 
the equivalent reflecting surface. Make a note of the distances 
which should be approximately equal and enter the results in 
your notebook. 

Two mirrors inclined at an angle give rise to a series of images. 


Expt. 94. Inclined Mirrors.—Draw two lines at an angle 
with each other, say at 90° and again at 60°, on a horizontal 
sheet of paper. Set up two mirrors on these lines. Place 
a pin somew^here in the angle between the mirrors and find 
the positions of alt the images i)roduced by reflection in the 
mirrors in each case. Verify the fact that all the imagt^s lie 
on a circle whose centre is at the point of intersection of the 


two mirrors, and that the number of images formed is 



where 6 is the angle in degrees between the mirrors. 

One image will be found in the angle behind both mirrors ; 
trace the path of the rays of light from the i)in to the eye 
of the observer by means of w^hich this image is seen. 

Each image should be labelled Ij, L„ Tj, g, according as it is 
formed by single reflection in mirror 1, single reflectiou in 
mirror 2, double reflection first in mirror 1, then in mirror 
2, etc. 


ROTATION OF A MIRROR 

When a mirror is rotated about an axis perpendicular to 
the plane of incidence, the reflected ray is turned through an 
angle twice as great as that through which the mirror turns. 

Let AB (Fig. 128) be the original position of the mirror, 
ML the incident, LK the reflected ray, and LN the normal to 
the surface. Let the accented letters denote corresponding 
quantities after the mirror has turned through a certain angle. 
The student should deduce from the laws of reflection already 
investigated that K'LK—the angle through which the reflected 
ray turns—is twice NXN—the angle through which the mirror 
turns. 
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Expt. 95. Beflection from a Mirror which is rotated.— 

The result that the reflected ray turns through twice the angle 
turned through by the 
mirror, may be verified ex¬ 
perimentally by tracing the 
rays by means of jiins. Two 
pins are used to define tlie 
incident ray ML, and two 
to define the nifiected ray 
LK. After the position of 
the reflecting surface has 
been marked, the mirror is 
turned through a certain 
angle and the new jiosition 
of the reflected ray is deter¬ 
mined by pins as before. 

The angle through which 
the mirror is tunu;d and the angle through which the reflected 
ray is turned are measured with a protractor. 'Idie ratio of 
tlic second angle to the first is then calculated. The process 
is repeated for a number of different positions of the mirror, 
and the results are given in tabular form. 

Show also that if the direction of the reflected ray is kept 
constant, the objects viewed wlien the mirror is used first in 
one position, then when rotated through an angle 0^ are along 
directions which subtend an angle 2^ at the axis of rotation 
of the mirror. 



THE SEXTANT 

The Sextant is an instrument for measuring the angular 
.separation between two distant objects; that is, the angle 
between the lines joining the eye of the observer to the two 
objects. It is used in navigation for measuring the altitude of 
the sun, or of a star. 

Expt. 96. Examination and Adjustment of the Sextant. 

—Examine the sextant, and notice that the instrument consists 
of a graduated arc AB, of about 60'", connected with two fixed 
radial arms CA and CB. A third radial arm CD is movable 
about the centre C of the arc, and carries an index and vernier 
at D. A clamp fitted with a tangent screw is provided to 
give a slow motion of this arm. At C is a plane mirror, called 
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the index glass, attached to the arm and turning with it j the 
plane of this mirror should be perpendicular to the plane of the 
arc. At E is fixed a piece of plate glass, whose lower half only 

is silvered. The plane of this 
glass also is perpendicular to the 
plane of the arc. It is called 
the horizon glass. T is a tele¬ 
scope pointing towards the hori¬ 
zon glass. Usually the instru¬ 
ment is provided with a number 
of coloured glasses for diminish¬ 
ing the intensity of the sun’s 
light. 

When the index glass is 
exactly parallel to the horizon 
glass, rays from a distant object 
can reach the telescope by separ¬ 
ate paths. One set of rays 
p&sses through the unsilvered 
part of the horizon glass and enters the telescope without 
deviation. Another set of rays is reflected from the mirror to 
the silvered portion of the horizon glass, and enters the tele¬ 
scope in the same direction as the first set. The parallel rays 
are brought to a focus in the focal plane of the object glass, 
and give rise to a single image of the distant object. When 
this is the case the index arm D should be at the zero of the 
graduated arc. If it be not, the reading of D should be taken ; 
it is called the zero reading If now the arm D with its mirror 
be turned thr^gh a small angle, the rays reflected by the 
mirror will enter the telescope at a diflTerent angle, and the 
image formed by these rays will be disj)laced with regard to 
the image seen directly. 

Suppose it is required to measure the angle between two 
objects in the directions EP and CR respectively. The sextant 
is supported so that the telescope is pointed directly towards 
the object in the direction EP, the rays passing through the 
unsilvered glass. The mirror C is turned till rays coming in 
the direction RC are reflected along CE, and fall on the 
silvered glass which reflects them into the telescope. Then 
the angle between the directions of the two objects is the 
angle RCQ which is twice the angle ACB, through which the 
arm CD has turned from the zero position. This is seen from 
the foregoing experiment, the direction of the ray reflected from 
O being the same (CE) in each case. 
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To save calculation, the arc AB is usually graduated so that 
each degree is numbered as 2 degrees; and the re(iuired angle 
can therefore be read directly from the graduations. The 
difference between the present reading and the zero reading 
gives the angle RCQ required. 

In order to obtain accurate results the following conditions must 
be satisfied :— 

(1) The plane of tlio index glass must be perpendicular to the 
plane of the graduated arc. 

(2) The axis of the telescope must be parallel to the i)lane 
of the arc. 

(3) The zero reading must be taken for each })air of objects 
used; it varies if the distance of the objects from the sextant is 
altered. 

Adjusting screws are j)rovide(l for making the necessary adjust¬ 
ments, but we shall assume that this has already been attended to 
by the instrument-maker. 

Expt. 97. Measurement of Azimuth with the Sextant. 

—Use the sextant to measure the angle 0 between two objects 
in the same horizontal plane. Two candles or two incan¬ 
descent lamj)S may conveniently be employed. Tlie sextant 
must l>e held in the same horizontal plane as the objects. 
Measure the distance to each object, and calculate the distance 
between the objects from these distances and the angle 0. 
Confirm the result by measuring the distance between the 
objects directly. 

Expt. 98. Measurement of Altitude with the Sextant, 

— Use the sextant to measure the angular elevation of a 
distant object. In this measurement the foot of the object 
should be on the same level as the sextant. Calculate its 
height from the angle measured and the horizontal distance 
from the foot of the object to the sextant. If possible, 
confirm the result by measuring the height. A better method 
of finding the altitude of a distant object is to measure the 
angle between the object seen directly and its image formed 
by a horizontal mirror, such as the surface of mercury. The 
angle thus measured is twice the required altitude. 

§ 3. Refraction at Plane Surfaces 

THE LAWS OF REFRACTION 

When a ray of light passes from one medium into a second, 
its direction is in general changed, and the direction of the 
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refracted ray is found to obey, for all isotropic ^ media, tbe two 
laws of refi'actioii here stated. 

Law I. The incident ray, the normal to the surface, and the 
refracted ray lie in one plane. 

Law II. The ratio of the sine of the angle of incidence to 
the sine of the angle of refraction is a constant for any two 
particular media and for light of a particular colour. This 
constant is called the refractive index (/x) in passing from the 

first medium into the second. 

Thus if AB (Fig. 130) repre¬ 
sent the surface of separation 
between the two media, SP a 
ray incident at the point P, and 
NPN' the normal to the surface, 
the refi’acted ray Pli lies in the 
plane containing SP and NPN', 
and 

sin i 

- — = a constant = .Ur, 

sin r 

where t is the angle of incidence, 
i,e. the angle SPN, and r is the angle of refraotion, i.e, the 
angle liPN', 

The absolute refractive index of a substance is tlie val.ue of 
the constant when a ray passes into the substance from a vacuum ; 
this is nearly the same as the value obtained for a ray passing 
into the substance from air. 



Expt. 99. Verification of the Laws of Eefraction. —Place 
a rectangular glass block on a large sheet of drawing-paper, 
and mark its position by drawing a fine pencil line round it. 
Then set up two pins on one side of the block, so that the 
line joining them may represent the direction of a ray incident 
obliquely on the glass face. The two pins should be at least 
10 cm. apart. Look through the glass from the opposite side 
and move the head until both pins can be seen. Then, using 
one eye only, move the head until the two pins appear 


* An isotropic medium is a substance which shows no differences of quality 
in different directions. 
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to be in one straight line. Set up two more pins between 
tlic block and the eye, so that those also appear in Hue with 
the two pins on the far side of tlie block. The second pair 
of pins should be at least 10 cm. apart. Note that when the 
eye is just on a level with the surface of the pa])er tlio points 
where the four j)ins pierce the ])aper appear to be in one 
straight line. Since the block is rectangular, the normal to 



the refracting surface lies in the plane of the paper, so that 
the first law of refraction is verified, 

Mark the positions of the pins (C, D, E, F) and remove 
I)ins and block from the paper. Join Cl) and produce the 
line to meet the first surface of the block at P. Join EF 
and produce the line to meet the second surface of the block 
at Q. CD is evidently the direction of the incident ray and 
EF that of the emerging ray; hence the ray entered the glass 
at P and emerged at Q. Join PQ; then PQ represents the 
direction of the ray of light through the glass. Verify that 
the emergent ray EF is parallel to the incident ray CD. 
Draw the normals at P and at Q. 
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The angle of incidence at the first surface is SPN. Call this 
angle 

The angle of refraction at the first surface is N'PQ. Denote 
this by r. 

The corresponding angles, MQR and M'QR at the second sur¬ 
face, are denoted by % and e resf)ectively. 

To find the ratio of sin i to sin r two methods may be 
employed: 

(1) Measure the angles i and r with a protractor, and look 
up the values of the sines in the tables (p. 664). Calculate the 


value of ^ . 
sin r 


(2) A Q-raphio Method.—Describe a circle with P as centre 
and a radius of at least 10 cm. Find the point S where the 
incident ray cuts the circle, and also the point R where tlui re¬ 
fracted ray PQ (produced if necessary) cuts the circle. From S 
and R draw perpendiculars SN and RN' to the normal at P. 
Measure carefully the lengths of these perpendiculars. 


sin i SlSr/SP _ SIST 
smr”RN7RP RN* 


Calculate the value of ^ 


In order to verify the second law of refraction the de¬ 
termination must be repeated for at least two other jiositions 

of the incident ray. The values of obtained for different 

values of i should be in close agreement, Thoi mean of these 
values may be taken to represent the refractive index of 
the glass. 

A similar determination may be applied for the refraction 

at the second surface of the glass, showing is a constant. 

sin e 


The first constant determined. 



is the refractive index 


from air to glass. 

The second constant is the refractive index from glass to air. 

They may be denoted by af^g and respectively. It will be 
found that 

This can be deduced from the facts that the block of glass is 
parallel-sided and the emerging ray is parallel to the incident ray, 
Le» and 
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Hence 


Bin ?* 




Bin e 
sin % 


1 


Since i — tliere in no <1aviation produced l)y rt'fraction tlirough 
a ])arallel-sided block of any inedinin, the deviation at the one 
surface being exactly reversed at the other. 


REFRACTION THROUGH A PRISM 

When a ray passes through a prism of glass, or of some 
optically dense medium, as in Fig. 132, the deviation at the 
first surface is usually followed by a deviation m the same 
direction at the second surface. Even if this be not the case, 
there is on the whole a deviation produced when a ray of light 
passes through a prism, the ray being bent towards the base 
of the prism. The angle between the direction of the emergent 



ray QT, and the direction of the incident ray SP, is called the 
angle of deviation. It is the angle marked D in Fig. 132. The 
amount of deviation produced by a given prism varies with the 
angle of incidence. It can be shown both by theory and by 
experiment, that the angle of deviation is least when the ray 
passes through the prism symmetrically; that is, when the 
direction of the ray in the glass (PQ) makes equal angles with 
the sides of the prism. The prism is then said to be in the 
position of minimum deviation. 



240 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. Ill 


In this case it can be shown that if i and r are the angles 
of incidence and refraction, the deviation D = 2/ - 2r, and the 
angle of the prism A = 2r. 

This gives i - |(A + D) and r = JA. 

Consequently 

_ sin i _ sin i(A + D) 

^ sin r sin ^A 

To find the refractive index of the glass of a prism we 
measure the refracting angle A of the prism, and the angle 
D of minimum deviation, and calculate from the formula 

sinKA- fD) 

^ sin iA 

Expt. 100. Eefraction through a Glass Prism, using 
Pins. —Place a large glass prism on a sheet of drawing-paper 
with its refracting edge vertical, marking its position with a 
fine pencil line. Place a pin very close to one face of the 
prism and another pin about 10 cm, away from the first. 
Look into the other side of the prism, moving the eye until 
the two pins when seen through the refracting angle of the 
prism appear to be one behind the other. Place two pins 
between the eye and the prism, in line with these first pins as 
viewed through the prism. Draw the incident and emerging 
rays, produce them until they meet, and find the angle of 
deviation produced : find also the angle of emergence. Keep 
the first pin in the same position in contact with the prism 
side, but place the second pin so that the incident ray 
considered makes a different angle of incidence with the 
prism face; find the corresponding emerging ray and angle 
of deviation. 

Kepeat this for several angles of incidence, altering this 
by at a time, and plot a curve showing the variation of 
the angle of deviation with different angles of incidence. 

This curve will have a minimum value corresponding with 
a certain angle of incidence. Show that for this value the 
angle of incidence and the angle of emergence are equal. 

Exvt. 101. Betenuination of the Angle of Minimum 
Deviation for a Prism (Pin Method). —Place the prism on 
the drawing-board as before, with a pin in contact with one 
of the sides including the refracting angle, and a second pin 
about 10 cm. from this. 
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Observe these ]>ii»s by looking through tlie refracting angle 
from the other side of the prism, placing the eye so as to see 
the two pins, one behind the otlier. Hotate the i)risni about 
the pin in contact with the side, moving the (‘ye so as to keej> 
tlie pins one beliind the other in all positions of the prism. 

The j)risrn when rotated in one direction will require the 
eye to move in the direction in which the Tefractim(j angle 
points \ reversijig tlie direction of rotation wdll require a 
motion of the eye in the 0])posite direction (Fig. 132). In the 
first case, the motion of the prism reduces the deviation of 
the light, and as this is what is desired, the prism must be 
rotated so that the eye, when sighted on the pins, moves in 
the direction in which the refracting angle points. 

When the i)rism has been rotated through some angle in 
this manner, the pins will apj)ear to be stationary for a little 
while, although the j>rism is being moved slowly all the time. 
A farther rotation of the prism requires the eye to reverse its 
former motion. This means that the deviation is beginning 
to increase again. The prism must be rotated back again 
slightly until the eye is as near the dotted line OK as possible. 

When the prism is in the position of minimum deviation, 
set up two pins to mark the direction of the emergent ray, 
and trace the outline of the prism on the paper marking the 
refracting angle A. The prism and the pins may now be 
removed, and the diagram completed by producing the iiundent 
and the emergent rays so as to show the angle of minimum 
d(wiation, D. As a check on the accuracy of the setting, 
notice whether the path of the ray through the glass makes 
e(pial angles with the faces of the 2 >rism. 

To determine the refractive index of the glass by means of the 
formula 

sin ^(A + D) 

sIiT^A 

two methods may be employed ;— 

(1) With the Protractor.—Measure the angles A and D 
with the j)rotractor, and find the values of sin J(A + I)) and sin ^A 
by means of the tables. 

(2) A Graphic Method,^—^The angle of minimum deviation 
having been marked on the paper as already described, the prism is 
2 )laced on the pai)er so that one edge coincides with the direction 
of the emergent ray, and the vertex of the prism coincides with 


* For this method we are indebted to our colleague, Dr. W. Wilson. 
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the point of intersection of the incident and emergent rays. The 

angle of the prism is then marked 
on the pai>er by drawing a line along 
the second edge of the prism, as in 
Jfig. 133. With K as centre and a 
radius of 10 or 15 cm. a circle is 
described, cutting the three lines in 
X, Y, and Z. 

Then from the gt'ometry of the 
figure 

+ 1)) XV 
sin iA XZ’ 



and therefore 


133.—Ciraphic Method for / jl . 

XZ and calculate the value of /x. 


XY 

Measure the hmgths of XY and 


TOTAL INTERNAL REFLECTION AND THE CRITICAL ANGLE 

When a ray of light passes from a denser into a rarer 


medium, it is bent awai/from the normal, i.e. 


is d. 


Thus the angle of refraction increases more rapidly than the 
angle of incidence. 

For a certain angle of incidence C, the emerging ray is 
parallel to the surface, i.e, the angle of refraction is 90°, and 

thus = the refractive index from the denser to the rarei* 

sin 90 

medium. 

But sin 90° = 1 ; therefore this refractive index is equal to 
sin C. 

Light incident at an angle greater than this angle C cannot 
emerge, since the angle of emergence would require to have a 
sine greater than unity, which is impossible; the whole of the 
light in this case would be reflected totally internally. 

This limiting angle C, which is the angle of incidence for 
grazing emergence, or which is the smallest angle of incidence. 
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for which total internal reflection occurs, is called the critical 
angle for this pair of media. 

If the rarer medium is air, sin C is the reci])rocal of the 
refractive index for the denser medium (p. 238), since it is the 
refractive index from the dense medium into air, 

Expt. 102. Determination of the Critical Angle. — A 

thin fiiin of air is enclosed between two parallel plates of 
j>late glass which are kept 
sei)arate by a thin india- 
rubber ring, or an annulus 
cut out of tinfoil. This 
apjiaratus is fixed to a 
vertical spindle paralkO to 
the faces of the plates, so 
that the whole may bo 
rotated about a vertical 
axis. The angle of rota¬ 
tion can be measured by 
means of a co-axial circular 
scale, A A' (Fig. 1 34). 

The glass plakts with 
the enclosed air film dip 
into the liquid of which 
the critical angle is to bo 
determined. The liquid 
is contained in a cubical glass box BB', the sides of which are 
of plate glass. 

A beam of light is passed through the liquid in a direction 
at right angles to one pair of sides. In order to obtain a 
definite beam, two narrow slits are employed, so that the 

eye looking through one slit receives the beam from a source 
of light beyond the other slit. 

When the air film is periK^ndicular to the path of the beam 
of light, the light passes through it. As the spindle is 
rotated, the angle of incidence of the light passing from the 
liquid to air increases until the critical angle is reached. If 
the spindle is rotated through a greater angle, total reflection 
occurs, and no light is transmitted. The position on the 
graduated circle at which this occurs is noted. The cell is 
then rotated back so that the light is transmitted again, the 
rotation being continued until the light is extinguished once 
more. The angle through which the cell has been turned is 
equal to twice the critical angle for the liquid. 



Fia. 134.—Determination of Critical Angle. 
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Tlie refractive index of the liquid is then obtained from 
the formula 

Determine in this way the critical angle and the refractive 
index for water. 

The extinction takes place when the light is incident in glass to the air 
film between the glass plates, i.e. when the angle of incidence in the glass 
is the critical angle for glass. The critical angle obtained, however, is the 
critical angle for water. This is shown as follows :— 

If the angle of incidence in the water is C, the critical angle for water, 
and the angle of incidence to the glass-air 
surface is C", then 
sin C 

:srin7='‘ 

_fx for glass 
~ IX for water’ 



between water and glass 


sin C 
sin C' 




Now 


sin C = - -, 


sin C': 


1 


Pia. 135.—-Critical Angle. 


i.e, if the light is incident to the water- 
glass surface at the critical angle for water, 
the refracted light will strike the glass-air surface at the critical angle for 
glass. Thus total internal reflection will occur at the glass-air surface 
when the angle of incidence to the water-glass surface is the critical angle 
for water. 


REFRACTIVE INDEX BY APPARENT THICKNESS 

To an observer looking vertically into a pond the depth of 
the water appears less than it actually is. In the same way the 
thickness of a slab of glass appears smaller than its real 
thickness to an observer looking through it. This is a direct 
consequence of the bending or refraction of the light in passing 
from the water or the glass into the air. 

Let P be a point from which rays of light pass to emerge at 
the surface SS' separating the two media (Fig. 136). Two rays 
PS, PS' equally inclined to the normal PO will be refracted in 
directions SQ, S'Q' as shown. The directions of these refracted 
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rays, if produced backwards, meet in a point P'. An observer 
looking into the optically denser medium and receiving these 



two rays would infer that the point P' represented the position 
of the object. 

If /X be the refractive index in passing into the denser 
medium, 

_ si^Q^ _ ^nSF'O 
^ sin PSN sin HPO 
_ OS/SP' _ SP 
“ OS/8P “ SP" 

When the observer is looking normally into the slab, the 
angles OPS and OP'S are very small, so that SP becomes 
practically the same as OP, and SP' as OP'. 

_ thickness 

^"" OP'"" Apparent thickness’ 

If then we measure the real thickness and also the apparent 
thickness we can determine at once the refractive index of the 
material. 

Expt. 103. Eefractive Index for Water by Apparent 
Depth. —Place a small white object at the bottom of a can 
or beaker. A pointed piece of white paper weighted by a 
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coin will serve admirably. The bottom of the can must bo 
blackened, or the beaker must stand on black paj)er or a 
dark bench. Fill the vessel with water, and place it at such 
a height that the observer can look down into it. Tlien fix 
a second paper pointer in a stand so that its height above tlie 
surface of the water can be adjust'd. On looking down into 
the water the first paper can be seen without difficulty, and 
a reflected image of the second paper formed by reflection at 
the water surface can also bo distinguished, provided ike lower 
face of the second is well illuminated. The height of 

the second paper must now be adjusted until there is no 
j)arallax between the two images in cpiestion. The reflected 
image and the refracted image are now coincident; but the 
image formed by reflection is at the same distance below the 
water surface as the paper pointer is above that surface. Con¬ 
sequently the apparent depth is equal to the distance of the 
second paper above the water surface. Measure the; apparent 
depth and the real depth and calculate the refractive index. 

Expt. 104. Kefractive Index for Q-lass by Apparent 
Thickness. —Use a large rectangular block of glass placed on 
a sheet of white paper across which a straight lino has been 
drawn. On looking dowm from above the whole of the line 
can be seen, but part of it is vi(*wcd through the glass, j^art of 
it through air alone. The part of the line seen through 
the glass is apparently raised. Its apparent position is 
determined by raising or lowering a horizontal pin placed 
parallel to the line, with its point in contact with the side of 
the block, and finding when there is no parallax between the 
point of the pin and the line seen through the glass. The 
pin for this purpose should be mounted in a stand Cixpable of 
vertical adjustment. 

Measure the distance from the point of the pin to the 
upper surface of the glass, and also the real thickness of the 
block of glass. Calculate the refractive index of the glass. 

This method is suitable only for thick blocks of glass. For thin 
sheets (2 cm. thick or less) a vernier microscope with a vertical 
adjustment is often employed. 

Expt. 105. Befractive Index by using a Microscope.— 

The microscope is focussed (a) on the paper, or some other flat 
surface, when there is no glass, {b) on the paj)er through the glass, 
and (c) on the upper surface of the glass, care being taken that 
there is no parallax between the image seen and the cross-hairs 
of the microscope in each case. 
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From tlie readings of tlie vernier scale in these positions 
both the real thickness and the apparent thickness of the 
glass plate are easily deduced. The rt'fractive index is then 
calculated as before. 

The method with the vernier inicroscojte is also applicable 
in the case of liqui<ls of which only small quantities are 
available. The microscope is focussed on the base of the 
containing vessel when it is enq)ty and also when it is full, 
and again on the upj)or snrfacH^ of the liquicl, a floating speck 
of lycopodium being used for focussing on the uj)per surface. 

§ 1. Caustic Curves 

In the elemontaiy theory of reflection and refraction at plane 
and sphei’ical surfaces, it is assumed that a pencil of rays proceed¬ 
ing from a given jxunt will, after reflection or refraction, converge 
to or diverge from a seeoiid point—the conjugate focus. In 
general, this is oidy approximately true. Two consecutive rays 
may intersect one anotlier, but the point of intersection need not 
exactly coincide with the point of intersection of two neighbour¬ 
ing consecutive rays ; all the rays touch a certain curve called 
the caustic curve. 

As an example, consider reflection at a concave hemispherical 
mirror when the incident rays are all parallel to the principal axis. 
Fig. 137 shows that only rays near the axis pass through the 
]jrincij)al focus half-way between C and A. The other reflected 
rays touch a caustic curve which is symmetrical about the axis and 
has a cusp at the jjoint F which is the principal focus of the mirror, 

Expt. 106. Caustic by Reflection. —Make an accurate draw¬ 
ing to scale in the note-book showing the caustic curve when 
parallel rays fall on a hemispherical mirror. 

Draw a semicircle to represent a section of the mirror. 
Then draw any ray parallel to the axis CA. The correspond¬ 
ing reflected ray may be found by a simple construction. 
Draw a circle with centre C so as to touch the incident ray. 
Draw another tangent to this circle from the point where the 
incident ray meets the mirror. This tangent represents the 
reflected ray. (Prove this.) 

Repeat the construction for several rays parallel to the 
axis, and draw a curve to represent the locus of intersections 

i2 
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of consecutive reflected rays. This curve is a section of the 
caustic by reflection at a concave hemispherical mirror for 
incident rays parallel to the axis. 



The caustic curve formed by refraction through a glass block 
may be traced experimentally by means of pins. 

Expt. 107. Caustic by Befraction. —Lay the glass block 
on a sheet of drawing paper and fix a pin about 2 cm. from 
one corner on one of the longer sides as at A (Fig. 138). 
Mark off a number of points Pj, Pg, Pg, . . . on the opposite 
side of the block half a centimetre apart. Place a pin at 
one of these points, P^ say, and determine where another pin 
P^' must be placerl, so that on looking through the block the 
three pins appear in a straight line. Repeat the observation 
for each point P. When all the points have been found, remove 
the glass block, the trace of which should be marked on the paper. 
Join the points Pj P/ by a line and produce it in both direc¬ 
tions. Join the points Pj in the same way. These two 
lines will meet in a point which represents the virtual image 
of the pin A as seen by an eye near P/. Join the remaining 
pairs of points in the same way. If the work has been done 
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carefully it will lx? found that all the lines touch a caustic 
curve having a well-defined cusj). 

In order to obtain both branches of the caustic crirve, it may 
be necessary to shift the glass block sideways to the position 
indicated by the dotted lines. To an eye looking normally 


oA 



through the block, the virtual image would appear at the cusp 
of the caustic. The diagram should accompany the student’s 
notes or be reproduced in the note-book. 

Next calculate the refractive index of the glass by the 
formula proved on p. 245. 

Real thickness of block 
^ Apparent thickness of block* 

The ai^parent thickness is the distance from the face of the 
block nearest the observer to the cusp of the caustic curve. 
The real thickness should be measured with a pair of callipers. 

Note.— The position of the point of the cusp A! cannot be dO" 
termined with great accuracy, and the value of /x obtained by this 
graphic construction is therefore not very exact. 







CHAPTER II 

SPHElilCAL MIRRORS 

§ 1. Introductory Theory 

The mippop usually considered in elementary work is a polished 
surface having the form of a portion of a sphere. The centre of 
the sphere of which the mirror forms a part is called the centre 
of curvature of the mirror. If the polished surfacui faces the 
centre of curvature the mirror is concave, if the polished 
surface faces away from the centre of curvature the mirror is 
convex. The centre of curvature must bo distinguished from 
the centre of the face of the mirror, which is usually called the 
pole. The axis of the mirror is the line joining the centre of 
curvature to the polo. The angle subtended by the diameter of 
the face of the mirror at its centre of curvature may be called its 
apeptupe ; the aperture of a mirror is usually small. 

If a pencil of rays parallel to the axis fall on a spherical 
mirror, they will either converge to (in the case of a concave 
mirror) or diverge from (in the case of a convex mirror) a point 
on the axis, called the principal focus of the mirror. 

The principal focus of a spherical mirror is situated half¬ 
way between the pole of the mirror and the centre of 
curvature. 

If a point source of light be placed at the principal focus of a 
concave mirror, the emergent pencil will consist of rays parallel 
to the axis. If a convergent pencil be directed towards the 
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principal focus of a convex mirror, the emergent rays will be 
parallel to the axis. 

Definite conventions must bo adopted with regard to the 



Concaue Mirror Convex Mirror 

FiCi. 130.—Concave and Convex Mirrons. 


sigrns to bo attached to distances measured on the axis of a 
mirror. The following are usuall}^ em[)Ioyed :— 

(1) All distances are to be measured frojn the pole. 

(2) Distances on one side of the mirror are considered 
positive, on the other side negative. 

(3) Distances are to be considered })Ositive when measured in 
a direction towards the source of light. 

With these conventions the radius of curvature and the focal 
length of a concave mirror are reckoned ]>ositive, while the radius 
of curvature and the focal length of a convex mirror are reckoned 
negative (Fig. 139). 

Alternative systems of conventions are given on pp 649-665. 

Two points on the axis are said to be eonjugrate foci when 
a pencil of rays diverging from one point and refiected from 
the mirror either converge to or diverge from the second point. 
One point may be called the geometrical image of the other point. 

In the ease of a mirror, radius of curvature r, focal length 
/, the distance u of the object from the pole and the distance 
V of the image from the pole are connected by the formula 

I , I _ I 3 
V u f r 

The curvature of a spherical surface may be measured by 
the reciprocal of the radius of the sphere. It is easy to see 
tliat the surface of a sphere of large radius has small curvature. 
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while the surface of a sphere of small radius has large curvature 
Thus if r denote the radius of a sphere, the curvature of the 
surface may he denoted by K, where li— I/r. Opticians use a 
special unit for measuring curvature, the DIOPTRE. This unit 
rejiresents the curvature of a sphere having a radius of 
1 metre. 

Hence the curvature in dioptres 

~ 1 _ 39-37 

r (metres) r (cm.) r (in.) 

The following table should be studied in order to form 
definite ideas as to curvatures expressed in this way :— 


Curvature in dioptres 

1 

2 

2-5 

3 

4 

— 

5 

10 

20 

25 

50 

100 

Radius of curvature 
in cm. . 

100 

50 

40 

33-3 

25 

20 

10 

5 

4 

2 

1 


PM = 


The Curvature of a Small Circular Arc is Proportional to the Sagitta 
of the Arc. —If AMB be the chord of an arc APB, the distance PM on tlie 

diameter bisecting the chord at right 
angles is called the sagitta or sag 
of the arc. 

Now PM.MQ=M,A2, so 

MA» 

" MQ’ 

or approximately 

MA^ MA® 

"" 2r “ 2 

Thus in the case of a number of 
small circular arcs having the same 
chord, the curvature of any arc is pro¬ 
portional to the sagitta. The sagitLa 
is the distance measured by an 
ordinary splierorneter, and it is possible to construct a spherometer which 
shall determine the curvature of a surface directly in dioptres. Simple 
instruments based on the same principle are used by opticians for measuring 
the curvature of the surface of a spectacle lens. 



PM = 


. R. 


Fro. 140.—Curvature of an Arc. 
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§ 2. Formation of a Real Image by a Concavk Mirror 

Image and Object Coincident. —If a small bright source of 
light be placed at the centre of curvature of a concave mirror, 
all the rays of light will fall on the face of the mirror normally. 
Consequently each ray will be reflected back along its original 
path, and all the reflected rays will pass through the centre of 
curvature. Thus an image of the source will be formed at the 
point of intersection of the rays at the centre of the sphere. 
Hence image and object coincide in position when the object is 
at the centre of curvature, and an inverted image will be formed. 

Expt. 108 . Determination of the Radius of Curvature of 
a Concave Mirror. —The position of the centre of curvature can 
be found readily by setting up a small object such as a pin, and 
finding, by the method of parallax, the position in which the 
object and the image coincide. The mirror may be fixed with 
its face vertical, in which case it should be set up on a table, 
or it may be fixed with its face horizontal, in which case it 
should be placed on a stool of convenient height so that the 
observer can look down into it from above. On looking into 
the mirror the observer will see the reflection of his own face. 
Using one eye only, the head should be moved until the 
reflection of the open eye is seen in the middle of the mirror. 
Then the eye and its image are in the axis of the mirror. 

Now take a pin and place it so that its point lies on the 
axis. When this is the case the point of the pin will appear 
to overlap the image of the eye seen in the mirror. If this 
adjustment is correct an image of the pin should be seen in 
the mirror, and, provided the pin is not too near the mirror, 
the image should be inverted. The important point to be 
observed for success, in practically all optical experiments 
using pins, is that the observer should get as far away as 
convenient from the mirror or lens, and the object-pin should 
also be at a considerable distance. 


Pin Image 

Fio. 141.—Coincidence of Pin Point and its Image. 

The adjustment so far made secures that the point of the 
pin lies on the axis of the mirror, but the object and image do 
not necessarily coincide. The pin must be moved so that, to 
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the eye looking along the axis, th(3 ])oint of the pin and the 
point of the image coincide. To test for such coincidence the 
method of parallax is employed (see p. 229). 

When no ])arallax can be dc^tected the point of the j)in is 
at the centre of curvature of the mirroi*. Measure the radius 
of curvature, i.e. tlie distance from the pole of the mirror to 
the point of the pin. 

Calculate the curvature of the surface in dioi)tres. 

To check the result, the radius of curvature may be measured by 
means of the spherorneter, but it must be remembered that in this 
case it is the front surface of the mirror that is employed, while in 
the optical measurement it is usually the back surface that is made 
use of. Many so-called concave mirrors are actually converging 
lenses mounted with a ])lane mirror behind them, or they may be 
lenses silvered on the back surface of the lens. 

Conjugate Foci. —When an object is placed between the 
principal focus and the centre of curvature of a concave mirror, 
a peal, inverted image is formed at a distance from the mirror 
greater than the radius of curvature. Such an image can be 
received upon a screen, as the rays forming the image actually 
intersect. 

Expt. 109. Determination of the Positions of Conjugate 
Foci of a Concave Mirror, and Deduction of the Focal Length. 

—Determine the radius of curvature of the mirror by the 
method described in Expt. 108. The principal focus is 
midway between the centre of curvature and the pole of 
the mirror, Place the pin, with its point still on the axis of 
the mirror, between the centre of curvature and the principal 
focus but not far from the centre of curvature at first For 
this position of the pin an image will be formed real, inverted, 
and magnified, at a distance from the mirror greater than the 
radius of curvature. 

To find the image, the observer should get at a considerable 
distance from the mirror, with his eye on the axis of the 
mirror (see p. 253). An inverted image of the pin will then 
be seen. For convenience, the object-pin may be provided 
with a small flag of paper to facilitate the recognition of its 
image. 

Now take a second pin and set it up with its point along the 
axis of the mirror and adjust it by the parallax method, until 
it is in the continuation of the image of the first pin. Having 
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found the correct position for tlu? second ])in, measure, as accur¬ 
ately as possible, the distance from the ])o]e of the mirror to the 
j)oint of tlie first ]>in (v/), and the distance from tlie polo of 
the mirror to the image, i.e. to the ].»oint of the second ])in (?^). 

lh^pcat the exi>eriment for three or four })ositions of the 
object, moving the object nearer to the })vinci})al focus for each 
successive experiment. Note that the image moves further 
from the mirror as the object a]>proaches the mirror. 

The focal length of the concave mirror is now calculated in 
each case from the formula 

r~ f 

Signs in Optical Formulae. —In using any formula for mirrors 
or for lenses, the signs in the formula must never l)e altered. The 
values of the various (piantities observed, w, c, et(5., should be written 
down at the side, with the proper sign ( + or — ) })relixed according 
to tlie conventions on j). 251. They should then be substituted 
in the formula, and no ‘rectification’ of signs should be made until 
the actual numerical values have been substituted in this manner. 
Failure to observe' Ibis rule is certain to lead to eiTors, es])ecia1]y 
in the more complicated expressions which are used in dealing with 
lenses. 

§ 3. Formation of a Virtual Image by a Spherical 
Mirror 

When a real object is placed in front of a convex mirror, or 
between the pole and the principal focus of a concave miri’or, 
the image formed is virtual. The directions of the reflected rays, 
but not the rays themselves, intersect; consecpiently such aii 
image cannot be received upon a screen. 

J2xpt. no. Determination of the Focal Length of a 
Convex Mirror by the Pin Method. 

Method I.—Place a pin in front of a convex mirror. The 
image is always behind the mirror, but its position can be 
found if a large pin is placed behind the mirror, and adjusted 
until its head, as viewed over.the top of the mirror, gives no 
parallax with the virtual imago of the first pin as seen in the 
mirror. Owing to spherical aberration, the adjustment cannot 
be carried out very accurately if the aperture of the mirror is 
large. Sometimes a small area of the silvering is removed 
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from the centre of the mirror and the ])in behind the mirror 
is viewed through the transparent hole left. 

Observe the position of the reflected image for several 
positions of the object; note that as the object approaclies 
the mirror the image also is brought nearer to the mirror. 
Measure and in each c^ise. 

Calculate the focal length of the mirror for each pair of 
distances obtained, taking special precautions as to the signs 
of these quantities (see note above). 

For other methods suitable for use with a convex mirror 
see pp. 264-2G7. 

Expt. 111. Determination of the Focal Length of a 
Concave Mirror by means of a Virtual Image.—Carry out a 
similar experiment with a concave mirror, placing the object- 
pin between the principal focus and the pole of the mirror, 
and locating the virtual image either by looking over the top 
of the mirror, or through a hole in the middle. 



CHAPTER III 


LENSES 

§ 1. Introductory Theory 

The lens considered in elementary work is bounded by two 
surfaces each of which forms a portion of a sphere. The lens is 
supposed to be thin, that is, the distance between the two surfaces 
is small compared with the radius of curvature of either surface. 
Since there are two surfaces there must be two centres of 
curvature and two radii of curvature. If one surface of the 
lens is plane the corresponding radius of curvature is infinite. 
The lino joining the two centres of curvature is called the axis 
of the lens. 

Lenses may bo divided into two classes, converging and 
diverging. 

A converging lens is thicker in the middle than it is at the 
edges. This is often called a convex lens. 

A diverging lens is thinner in the middle than it is at the 
edges. This is often called a concave lens. 

Lenses (unlike mirrors) possess two principal foci and two 
focal lengths, which are, however, equal to one another 
numerically. The focal length is the distance from the lens to 
a principal focus. 

The first principal focus is the position of the object (point) 
for which the image is at infinity, or the point corresponding to 
parallel emergent rays. 

The second principal focus is the position of the image 
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(point) when the object is at infinity, or the point corresponding 
to parallel incident rays. 

A plane drawn perpendicular to the axis through the point 
where the axis meets the lens is^ called the principal plane of 
the lens; planes drawn perpendicular to the axis through the 
focal points are termed the focal planes. The optic centre of 
a thhi lens is the point where the axis meets the lens. 

The angle subtended by the diameter of the lens at a principal 



Fio. 142. Converging (convex) and Diverging (concave) Lenses. 

focus may be called the aperture of a lens; the aperture of a 
simple lens is usually small. 

As ill the case of mirrors, definite conventions must be used 
with regard to the sigrns of all distances measured along the axis. 
The older conventions, used in this chapter, are as follows:— 

(1) All distances are to be measured from the centre of the lens. 

(2) Distances on one side of the lens are considered positive, 
on the other side negative. 

(3) Distances are to be considered positive when measured 
in a direction towards the source of light. 

Alternative systems of conventions are given on pp. 649-665. 

In speaking of the focal length of a lens, it is customary to 
consider the distance from the lens to the second princi{)al focus 
as the focal length. With the conventions adopted, it follows 
that the focal length of a convex lens is to be reckoned negative^ 
and the focal length of a concave lens positive. 
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In the ease of a lens of focal lengrth /, the distance u of 
the object from the lens and the distance v of the image from 
the lens are connected by the formula 

III 

V u f' 

If wc put “ — 1 / ™ **^*'^^ ? ~ formula may l>e written 

V - U ^ F. 

In this e<iuation U nHiasnces the curvature of tlie incident 
wave-front, V the curvature of the vva,vc-front after jiassing 
through the lens. 

The quantity F, which is the reciprocal of the focal length of 
the lens, is called the focal power of the leiivs. 

From the point of view of the W^avc Theory of Light, this 
formula expresses the fact that the change produced in the 
curvature of the wave-front by the lens is espial to the focal 
power of the lens. These curvatures, and also the focal power 
of the lens, are measured in dioptres (p. 252). The focal 
power of a lens is 1 dioptre ^ when its focal length is 1 metro. 

§ 2. Simple Experiments with Lenses 

Expt. 112. Determination of the Character of a Lens.— 

A simple, yet deliccite, test for distinguishing between a convex 
and a concave lens is to hold the Itnis just in front of the eye, 
and to move it from side to side while viewing a distant objc^ct 
through it. If the object a|)[>ear to move in the o'/rpodte 
direction to the lens, tlic lens is convex; if the object appear 
to move in the sa?ne direction as the lens, thc^ lens is concave. 

Test a number of thin lenses in this way, and separate the 
converging from the diverging lenses. Then combine the 
lenses in pairs and determine whether the combination is con¬ 
verging or diverging. 

Examine the image formed by a convex lens of focal length 
20 or 30 cm. When the lens is close to the eye, the image is 
erect and magnified. If the object is distant the image seen 
will be blurred, but objects at a smaller dishince will give 

^ Spectacle-makers call the focal power of a convex lens positive, anti that of 
a GOQcave lens negative. This convention is the opposite of that adopted above. 
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distiiujt virtual images. If, wlien viewing a distant ol)je(;t, 
the lens is moved away from the eye, tlio image becomes more 
and more blurred, until at a certain distance it is impossible 
to distinguish the cliaracter of the object at all. If, however, 
the lens is moved still further from the eye an inverted image 
will be seen. This is a real image formed between the lens 
and the eye. 

Examine, in a similar way, the image formed by a concave 
lens. The image is always erect, diminished and virtual. 


METHODS OF DETERMINING THE FOCAL LENGTH 
OF A CONVERGING (CONVEX) LENS 


Method I. By finding: the Images of a Distant Object.— 
If rays from a very distant source of light fall on a convex lens, 
they are rendered convergent and brought to a focus at the principal 
focus of the lens. The distance from the lens to this point is the 
focal length of the len^^- 

.ExrT^Li'STDetermm^ of the Focal Length of a 

CojiygyLens. I. —A simide method of linding the principal 
focus of a convex lens consists in forming a real image of a 
distant object on a screen by means of the lens. If direct 
light from the sun cannot be used, employ a distant lamp or 
window as the object. Adjust the lens so that a sharp image 
is focussed on the screen, and measure the distance from lens 
to screen. This is approximately the focal length. It is 
essential that the distance of the object should be great com¬ 
pared with the focal length of the lens under test. 

'M^piDD II. By using: a Combination of Plane Mirror and 
Lenft^If a point source of light be placed at the principal focus 
of a convex lens the rays emerging from the lens will be parallel to 
one another. If now a plane mirror be jdaced at right angles to 
the emergent rays, they will be reflected back along their original 
path and after passing through the lens will form a real image 
at the point from which they started. 

This fact may be made the basis of a simple method of finding 
the position of the principal focus of a convex lens or of any 
converging system of lenses. 


Expt. 114. Determination of the Focal Length of a 
Convex Lens. II. —Place a piece of plane mirror face upwards 
on a table; on it place the lens to be tested. Support a pin 
in a stand so that its point is vertically above the centre of 
the face of the lens, A paper flag attached to the pin may 
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be used with advantage in finding the real inverted image.^ 
The observer must get as far away from the lens as convenient, 
(see the caution on ]:). 253). 

The i)in must now be adjusted till the point of the pin and 
the })oint of this rc^:^ image coincide, that is until tliere is no 
parallax between them. The rnetliod of adjustment is exactly 
the same as that alretidy described in the ]>rocess of finding 
the radius of curvature of a concave mirror ([>. 253). When 
this position has been found, measure the distance from the 
upper surface of the lens to the ]>in, and also the distance 
from the lower surface of the lens (/>. the surface of the 
mirror) to the pin. The mean of these distances gives the 
focal length of the lens. 

The same method may be ajijdied when the lens and mirror 
are supported with their faces vertical instead of horizontal. 

Method Ilf. By finding the Positions of Conjugate Foci, 
—Tn this method a pin is set u[» on one side of the lens so as to give 


image of Pin No. 1 



a real image on the other side of the lens, and a second inn is 
adjusted so as to coincide in position with this real image. 

For this to be possible two conditions must be satisfied. The 
object must be at a distance from the lens greater than the focal 
length. The distance between the two pins must be not Jess than 
four times the focal length. 

Expt. 115. Determination of the Focal Length of a 
Convex Lens. III. —The adjustment presents no difficulty if 
the pin be placed some considerable distance from the lens, 
and the observer place his eye along the axis of the lens, on 
the side remote from the pin, and at a considerable distance 

* When the pin is at a sufficient distance from the lens the iraaf^e is real and 
inverted. If the pin is lowered the image becomes blurred, and if it is lowered 
still further the image is virtual and erect. The action of the combination a§ 
lens and mirror is similar to that of a concave mirror. 
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from tlie Lmis. T}ie oBject-pin slioiild be supplied with a 
small flag as liefore. When the inverted image of i)in .No. 1 
is seen, set up a second pin (pin No. 2 in Fig. 143) and 
adjust it till its point coincides in ])osition with the i)omt of 
the image, using the method of parallax. 

Measure as accurately as possible the divstance from the 
lens to the object (n) and the distance from the lens to the 
image (r) and calculate the focal length by means of the 
formula 

III 

V u ~ f 

Kemcmber to take into account the proper signs for u and 
V wlieii substituting the numerical values in the formula (s(^e 
note on p. 255). 

Ilepeat tlio observations for two other ])ositions of the 
object-pin, and take the mean of tlui values obtained for/’to 
represent the focal length. Calculate also the focal power of the 
lens in dioptres. 

METHODS OF DETERMINING THE FOCAL LENGTH 
OF A DIVERGING (CONCAVE) LENS 

Method I. By Use of a Distant Object. — If rays from a 
very distant source of light fall on a concave lens, they are 
rendered divergent and appear to proceed from the principal focus 
of the lens. 

Expt. 116. Determination of the Focal Length of a 
Concave Lens. I. —Set up a retort stand at a well-lighted 
window and at a distance of several metres from the concave 
lens. Place the lens vertically in a holder, and view the retort 
stand through the lens. An erect virtual image of the retort 
stand will be seen, this image being on the side of the lens 
remote from the observer. By placing a pin on the same side 
as the retort stand, but close up to the lens, the position of 
this image can be found. The pin is adjusted until, as viewed 
over the top of the lens, there is no parallax between it and 
the image of the retort stand viewed through the lens. The 
distance from the lens to the pin is the focal length of the 
lens when this condition is satisfied. 

Method II. By Determination of Conjugate Foci. — ^In the 
case of a concave lens a real object gives rise to a virtual image on 
the same side of the lens as the object. 
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Expt. 117. Determination of the Focal Length of a 
Concave Lens. 11. —Set ui> a pin at a distance of a]>(:)ut 1 
metre from the ]ens and adjust a second pin to coincide with 
the image of the first pin formed by the lens, in the same way 
as described in Mtjlhod I. for a distant object. Measure the 
distances of the object and image from the lens. 

Kepeat the exi)crimeut for several positions of the object 
and calculate the focal length of the lens from the formula 

III 

V u~ f 

taking duo note of the signs of the quantities involved. 

Notk. —Idle image seen through the lens will be distorted in 
consequence of spherical a])crration, and the adjustment of tlie pin 
seen over the top, to tlie position where there is no parallax, is only 
ap 2 )roximate. 

Method 111. By combining* with it a Suitable Convex 
Lens.—When two thin lenses are placed in contact the focal 
power of tlie combination is equal to the algel)raic sum of the focal 
powers of the two component lenses. That is 

or, since the focal power is inversely proi)ortioual to the focal length 

In these formulae F, f refer to the combination, F^, to the 
first component, Fg, second component. 

Expt. 118. Determination of the Focal Length of a 
Concave Lens. III. —with the given concave lens a convex 
lens of sufficient power (or of shorter focal length) is combined, 
a combination is obtained which acts like a convex lens. The 
focal length of this combination may be measured by any of 
the methods already given for a convex lens. The focal length 
of the single convex lens may be measured in a similar way. 
The focal length of the concave lens may then be calculated 
by substituting the values obtained in the formula above. 

Care must be taken with regard to signs. According to the 
conventions adopted, the focal length of a convex lens or 
of a converging combination of lenses is to be considered 
negative. 
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FUETHER EXPERIMENTS WITH MIRRORS 
AND LENSES 

§ 1. Radius of Curvature of a Spherical Mirror 

Some simple methods of finding tlie radius oi curvature of a 
spherical mirror have been described in Chapter IL When the 
image formed is real, its position may be found accurately by 
the method of parallax. When the imago is virtual, the results 
obtained by this method are less accurate. 

RADIUS OF CURVATURE OF A CONVEX MIRROR 

Method IL By usingr a Plan© Mirrord—When an object is 
placed in front of a convex mirror, the image formed is necessarily 
virtual and lies between the principal focus and the pole of the 
mirror. The following method, which is more generally applicable 
than the pin method already described, may be used to find the 
position of the virtual image. 

Expt. 119. Radius of Curvature of a Convex Mirror. II. 

—Set up a pin some distance in front of the convex mirror. 
On looking into the mirror from a position behind the pin 
the virtual diminished image can be seen easily. Now set up 
a piece of plane mirror between the pin and the convex mirror, 
so that its upper edge is on a level with the centre of the face 
of the convex mirror whilst its plane is perpendicular to the 
axis. Then on looking into the mirror as before from a 
position behind the pin, only the upper half of the convex 
mirror will be seen, the lower half being covered by the 


^ For Method T. see p. 256. 
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plane mirror. Two images of the pin will he seen, one in the 
convex niirror, the other in the plane mirror, the former being 
smaller than the latter, as shown on the right of Fig. 144. 
The plane mirror must now be adjusted until there is no 
parallax between these two images ; that is, until the image in 
the convex mirror appears to be a continuation of that in 
the i>lane mirror when the eye is moved into different positions 
from sidii to side. The image in the convex mirror should 
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Fi(j. 144.—Convex Mirror and Plane Mirror. 
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remain accurately in the ventre of the plane-mirror image; 
when this is the case, the image Q formed of the pin P by 
the convex mirror at A coincides in position with the image 
of P formed by the plane mirror M. Measure the distances 
AP, AIM, and MP. (Verify the accuracy of the measurements 
by seeing that AP -= AM -f- MP.) Since M is a plane mirror we 
know that MP = MQ, 

Hence find AQ which is the difference between MQ and AM, 
i,e, between MP and AM. We now know the numerical values of 
the distance of the object from the pole, and of v, the distance of 
the image from the pole. We can therefore determine the radius 
of curvature r, or the focal length/, by means of the formula 

1 II 
u~ r~f' 

Pay special attention to the signs of the quantities considered. 
Several different determinations shoidd be made, varying the 
positions of the plane mirror and of the pin. 

Method III. By usingr a Convex Lens. —^M^hen a suitable 
convex lens is placed between a pin and a convex mirror, it is 
possible to adjust the lens and the pin so that a real image of 
the pin is formed in coincidence with the pin itself. 
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When the point of the pin coincides with its image, rays starting 
from the ]>in must retrace their original path after falling on the 
convex mirror. The condition neccssfiry is that all the rays should 
fall on the mirror normally, or, in other words, that the rays after 
passing through the lens should be dire(;ted towards the centre of 
curvature of the mirror (hig. 145). If then we can find the point 
to which the rays of light converge after passing through the lens 
we can find the centre of curvature of the mirror. 



Expt, 120. Radius of Curvature of a Convex Mirror. III. 

—Set up a pin some distanc.} in front of the convex mirror. 
Between the pin and the mirror set np a convex lens so that 
its axis coincides in direction with the axis of the mirror. By 
properly adjusting the lens and (if necessary) the pin, a real 
inverted image of the pin can be formed and made to coincide 
in position with the pin itself. This coincidence can be tested 
by the method of parallax. Measure the distance LA between 
the mirror and the lens. 

Kemove the mirror altogether, Jmt he careful not to alter 
the position of the lens ami the jmu Then set up another 
pin so that its point may coincide in position with the 
image of the first pin formed by the lens. Test the coincidence 
by the method of parallax. Measure the distance LO Ixjtween 
the lens and the second pin. Since the pin is now in the 
position that was occupied by the centre of curvature of the 
mirror, the radius of curvatui*e is found at once by subtracting 
the first measurement from the second ; 

r-LC-LA. 

Note. —A lens of suitable focal length should l^e chosen. The 
distance Lp must be’^reat^'^lian^ focal length of the lens, 
and the distancemust be at least four times the focal length. 
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The results of all these exi)erirnents may be chtjcked l)y measur¬ 
ing the radius of curvature with the spherometer, but it must be 
noted tliat the KS])herometer gives the radius of the front surface 
while, the optical method gives the ai>parent radius of the back 
surface in the ease of a glass mirror. 

Calculate also the curvature of the surfa(‘.e in dioptres. 

Expt. 121 . The Radius of Curvature of a Concave or 
Convex Mirror by means of a Turn-table. —A convenient 
method of determining the radius of curvature is by the use 
of a turn-table, consisting of a flat table which can turn about 
a vertical axis. Tlie mirror is mounted on the table so that 
its axis is parallel to the ttiblc. A low-power telescoj)e is used 
to view an ink-spot or a speck of lycopodium at the pole of the 
mirror, and the j)Osition of the mirror on the table is adjusted 
till no motion of this spot is observed when the table is rotated. 
Tliis point must then lie oii the axis about which the table is 
rotated. 

The telescope is now used to view the reflection of some 
distant object in the mirror, and the mirror is adjusted again 
on the turn-table till no motion of this reflected image can bo 
observed when the table is rotated. This will be the case when 
the centre of curvature of the mirror lies on the axis of rota¬ 
tion of the turn-table ; for then the result of rotation is merely 
to substitute one portion of the spherical surface of the mirror 
for another, so that no displacement of the reilected imago 
takes place. 

The distance between the two positions of the mirror on 
the table is equal to its radius of curvature. 

§ 2. Focal Length of a Lens 

THE TELESCOPE OR RANGE-FINDER METHOD OF 
TESTING LENSES 

By the following method very accurate determinations of the 
focal length of a lens can be made. The method is particularly 
interesting as the actual position of the principal focus is determined 
both for a convex and a concave lens. 

Light diverging from the first principal focus of a convex lens 
emerges from the lens as a parallel beam (Fig. 142). 

If a parallel beam fall upon a concave lens it is rendered 
divergent and appears to proceed from a point which is the 
principal focus of the lens (Fig. 142). 
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In the case of thin lenses the distance In'tween the lens and the 
principal focus is called the focal length of the lens. 

The apparatus required consists of a n(K‘dle with a sliarp ])oiut 
mounted in a stand and a telescope witli an eyeq)iece of Iiigh 
magnification. 

Expt. 122. Determination of the Focal Length of a 
Convex Lens. —The telescojie must be focussed carefully for 
parallel liglit. If the telescope is provided with cross-wires, 
first focus the eye-piece till the cross-wires are seen distinctly, 
and then focus on a very distant object (seem through an open 
window) so that there is no 2 >aralta.r between the image on the 
cross-wire and the cross-wire. When once this adjustment has 




Fig. 146.—Focal Lengths by Telescope. 

been made it must not be altered during the course of the 
experiment. 

Set up the telescope on the table with the axis horizontal, 
and place the convex lens, the focal length of which is to be 
measured, in front of the object glass, taking care that the 
centre of the lens is on the axis of the telescope. Mount tlie 
needle so that its point is at the same height as the centre 
of the lens and move it about in front of the lens till an image 
is seen in the field of the telescope. 

Adjust the position of the needle carefully so as to give the 
sharpest possible image with the point of the needle in the 
centre of the field of view. There must be no parallax 
between the cross-wire and the image of the pin as seen 
through the telescope. The point must then be at the 
principal focus of the lens. For as the telescope is focussed 
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for parallel light, the light falling on the object glass must form 
a parallel beam in order to give a clear image. Hence the 
light must diverge from F, the principal focus of the leus. 
Measure the distance Ah\ the focal length of the convex lens. 

Expr. 12S. Determination of the Focal Length of a 
Concave Lens. —The focal length of the concave lens must 
l)e less than that of the convex lens just found for the 
following method to be applicable. First hnd the principal 
focus F of the convex lens A as in the previous experiment. 
Then pla(;e the concave lens C between A and F, and move 
it about until objects at a great distance are focussed clearly. 
When this is the case F must also be the principal focus of 
the concave lens. The path of the rays is shown in Fig. 146. 
i^arallel light from a distant object falling on the concave lens 
is rendered divergent and appears to come from the principal 
focus of the lens. This divergent light is rendered parallel by 
the convex lens. Hence the })rin(npai focus of the convex 
lens must coincide with the ]>rincipal focus of the concave 
hms. ^Measure the distance CF, which is the focal length of 
the concave lens. 

In finding the ]>osition of the point F in this case we may 
dispense with the needle point and move the concave lens till a 
]>oint on its surface is focusst^l sharply. This point will be at 
F, and the focal length is the distance CF between the two 
positions of the lens. 

A pair of lenses suitable for this experiment may be selected 
without difficulty ; they will form a diverging combination when 
placed in contact. 


§ 3. Determination of Refractive Indices 

Expt. 1*24. Determination of the Refractive Index of a 
Liquid, using a Concave Mirror. —Place the mirror with its 
face horizontal at a convenient level, so that the observer can 
look down into it from above. Adjust a pin so that the 
image of its point coincides in position with the point itself 
as tested by the method of parallax. The process of adjust¬ 
ment has been described already on p. 253, where it was 
shown that the point must be at the centre of curvature of 
the mirror. Measure the distance from the pole of the 
mirror to the centre of curvature. 

Place a small quantity of the liquid, the refractive index 
of which is sought, on the face of the mirror so as to form 
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a shallow pool from 5 to 10 cm. m diameter. Again adjust 
the pin so that its point coincides in position with the real 
image formed by reflection in the mirror, and measure tlie 
distance from the i>ole of tlie mirror to the point. Then 
the refractive index of the liquid is foimd by dividing the first 
distance (the radius of curvature of the mirror) by the second. 


The truth of tliis statement can be verified by drawing a figure 
showing the path of a ray from the point to the mirror in the 

second case (Fig. 147). 

Let C be the position of 
tlie pin in the first experi- 
liKMit, P that in the second. 
Then C is the centre of 
curvature of the mirror. 
Tlie ray PO, starting from 
the ]>oint P, is refracted on 
striking tlie surface of the 
water at O. The refracted 
ray after striking the surface 
of the mirror at K must 
retrace its original path in 
order that it may return to 
the point P. The condition 
for this is that the ray Oil 
in the water should strike 
the mirror at right angles. 
Hence OH being a normal to 
the mirror must pass through 
^ , the centre of curvature C. 

Fig. 147.—Refractive Index of a Liquid, using rni i £ • • i 

a Concave Mirror. . The angle of incidence ^ 

is the angle PON, which is 
equal to the angle OPA. The angle of refraction r is the angle 
KON', which is equal to the angle OCA. 



Thus 


sin { _ sin OPA 
si»r sin OCA 


_ OB/OP OC 
OB/OC“OP' 


When the angle of incidence is very small, this becomes 
approximately AC/AP, which proves the statement made above. 
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REFRACTIVE INDEX OF THE MATERIAL OF A LENS 


The focal length (/) of a lens depends upon the refractive 
index (yu) of the material, and upon the radii of curvature 
r and s of the two surfaces, the formula connecting these 
quantities being 

If by experiment the values of /, r, and ^ are determined the 
value of /X can be deduced. 


Expt. 125. Determination of the Refractive Index of 
the Material of a Lens. —The focal length of the lens may be 
found by any of the methods already descrilxid, but for the 
jaesent determination, if a convex lens be used, it may be 
found by the pin method No. III. on ]>. 261. 

The valiu's of r and might be found hy an optical method 
regarding tlie surfaces of the lens as ])ortions of spherical 
mirrors (see pp. 255 and 264). It is, however, sometimes con¬ 
venient to determine these (juantitics by means of the sphero- 
ineter as described on j). 47. It is im}K>rtant that attention 
should be paid to tl\e conventions as to signs wlien substituting 
the numerical values for/I r, aiul s in the formula (p. 255). 


The refractive index of a liquid, 
when only a small (piantity is avail¬ 
able, may l>e found by using tin? 
li<iuid to form a lens the focal length 
of which is then jii€Sstired. 

^ ^ Ejtrf. 126. Determination of 
Refractive Index of a 
Liquid, using a Lens and a 
Plane Mirror. —Select a convex 
lens having a focal length be¬ 
tween 10 and 15 cm. Lay the 
lens on a plane horizontal mirror, 
and find the position of a pin 
point on the axis such that the 
point and its real image coin¬ 
cide. The distance from the 



Fro. 148.—Refractive Inf^ex of a Liquid, 
using a Lens and a Plane Mirror. 


centre of the lens to the pin is then equal to the focal length 
of the lens (Method II. p. 260). Now place a little of the 
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liquid between the lower surface of the lens and the plane 
mirror. This will form a plano-concave lens of the liquid, the 
radius of curvature (r) of the upper surface of the liquid being 
the same as that of the lower surface of the glass lens. 

If the focal length of this liquid lens be fat 

where is the refractive index of the liquid. 

Now iletermine by tlie pin method the focal length of the 
compound lens of glass and liquid. Let this be 


Then 


111 1 _ 1 


Ey means of this formula, fa may be calculated, and the 
value thus found may be used in the previous formula in 
order to determine /x„. The value of r may be found by 
using the spherometer. 


The foregoing method may be used to compare the refractive 
indices of two liquids, without requiring a krwwledge of the 
radius of curvature r. If a second liquid, of refractive index 
/aj, be substituted for the first, the corresponding equations will be 


l = 1) aud 

Jb r 


1 = 1-1 

fb /b /’ 


Hence 




i7/b-T// 

Consequently if f /a, /b be measured by the method described, 
we can compare the refractivities of the two liquids. If the 
refractive index of one liquid be known, then that of the second 
can be calculated. 


Expt. 127. Comparison of the Eefractive Indices of Two 
IiiQiuids, using a Lens and a Plane Mirror. —^It is convenient 
to use water (/x = 1-333) as one of the liquids. Glycerin or 
anilin may be used as the other liquid. Measure the focal 
lengths f /a, /b by the method of Expt. 126, calculate !//«, 
\IA aiid the refractive index of the liquid employed. 



CHAPTER V 

THE OPTICAL BENCH 

§ 1. Construction of the Optical Bench 

The optical bench (Fig. 149) is used for carrying out accurate 
measurements in connection with mirrors and lenses or other 
optical apparatus. It consists of a long beam with guides like a 
lathe-bed, on which can slide a number of carriages to support 
the optical fittings. In this way the distance apart of the fittings 



Fiq, 149.—optical Bench. 


can be varied without any transverse motion taking place. In 
some cases provision is made for a transverse motion also. In 
order to measure the distance between two particular fittings {e.g, 
between a mirror and the screen used to receive the image) the 
bench is generally fitted with a graduated scale. The determina¬ 
tion of the distance is made by using a measuring rod of known 
length mounted on a carriage on the optical bench. .. The measuring 
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rod is adjusted till one end of it (A) touches the first fitting, 
and the position of its carriage on the bench is r(?ad. Then the 
carriage is moved till the other end (B) touches the second 
fitting, and the position of the carriage is again read. The 
difference between the two readings gives the distance through 
which the carriage has been moved. The distance between the 
two fittings is equal to this distance plus the length of the 
measuring rod. 

In some cases it is more convenient to make one e?id (A) of 
the rod touch the two fittings in succession. Then the distance 
between the fittings is simply the distance through which the 
carriage has been moved. 

In experiments with mirrors and lenses on the optical bench, 
a real image of some object is formed usually on a white screen. 
The object may consist of a piece of wire gauze or two wires 
stretched at right angles across an aperture. The object should 
be illuminated by a source of light placed behind it. The flame 
of an oil or gas lamp may be used for this pni’pose; it is some¬ 
times more convenient to employ a small incandescent electric 
lamp mounted behind a short-focus lens arranged to throw a 
nearly parallel beam of light along the optical bench, i.e. the 
distance between the lens and the lamp must be made equal to 
the focal length of the lens. 

It is important in all experiments with the optical bench that 
all the lenses and mirrors used should lie on the same axis, which must 
be parallel to the bench itself, 

§ 2. Experiments with the Optical Bench 

Expt. 128. Optical Bench: Determination of the Focal 
Length and Radius of Curvature of a Concave Mirror. —Set 

up the mirror in its holder on the optical bench so that it 
faces a wire gauze which is illuminated by a lamp. Use a 
screen with a small hole at its centre placed between the 
gauze and the mirror. Adjust the gauze and screen so that 
the light passing through the gauze goes through the hole in 
the screen and falls on the mirror. For this adjustment it is 
necessary that the source of lig^t, the centre of the gauze, the 
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centre of the hole, and the pole of the mirror should be in a 
straight lim*. 

By altering the }>osition of the mirror it can be made to 
throw a distinct image on the screen close to the hole. 

Wlien the image is focussed sharply on the screen, measure 
by means of the measuring rod the distance from the mirror 
to the object, and the distance from the mirror to the 
image, Write down the values of u and v with the proj)er 
signs affixed, and calculate the values of r and / by means of 
the formula 

I i_ I 
u~ r~' f ' 

Repeat the determination, using at least three different 
positions for the screen. * 

Lastly, adjust the mirror so that it throws on the screen a 
distinct image of a wire stretched across the hole in the screen. 
The mirror must lr>e rotated slightly aV>out a vertical axis, so 
that this image may be as close to the hole as possible. In 
this case and therefore ?• = or f=rl2. Tabulate the 

results obtained from w, r, and/. 

Plot on squared paper the curve showing the relation 
between u as abscissa and v as ordinate. 

Draw a diagram showing the paths of rays of light by 
which a real image is formed by a concave mirror. 

Kxpt, 1*29. Optical Bench: Determination of the Focal 
Length of a Convex Lens. —Set up the lens in its holder 
on the optical bench betw'een the illuminated object and an 
adjustable screen. Adju.st the height of the lens so that its 
axis passes through the centre of the object. A blurred image 
of the gauze will probably be seen on tlie screen. The position 
of the lens and the screen mu.st now be altered until a sharp 
well-defined image is formed on the screen. 

In carrying out the adjustment two points should be borne in 
mind : 

1. In order that the image formed by the lens .should be real and 
not virtual, the distiincc from the lens to the object must be greater 
than the focal length ; the lens must therefore be put some distance 
from the illuminated gauze. 

2. In order that the real image should be formed on the screen, 
the distance betw^een the object and the Kscreen must he at least 
equal to four times the focal length. The screen should be put far 
enough away and gradually brought nearer until the image id 
focussed sharply. 
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Method I.—Let 

= distance from the lens to the object, 

7 ; = distance from the lens to the image, 
y = focal length of the lens. 

Then (p. 259) 1 _ “ = ? or V - U = F. 

Hence if u and v are measured, F and / may be calculated. 

Measure the distances u and v by using the measuring 
rod fixed on a sliding carriage, and calculate the value of F 
and that of /, being careful to attach the proper signs to the 
numerical quantities. 

Repeat the observations, using at least three different posi¬ 
tions, and tabulate the results obtained. 

It is instructive to draw a graph showing the relation 
between the values of u and v. 


u 

V 

U 

v 

P 

J 








The mean value of f should be calculated, and the focal 
power expressed in dioptres. 

Draw a diagram showing the paths of rays by which the 
real image is formed by a convex lens. 

A Qraphio Oonetruotion.—An interesting graphic construc¬ 
tion for determining the value of the focal length is associated 
with the name of Sir Howard Grubb. Two axes at right angles to 
one another are taken, and the values of are marked off along 
one axis, the corresponding values of v being marked off along the 
other axis. In the present case since the values of v are negative 
the corresponding axis is drawn downwards. Corresponding points 
on the axes are then joined by straight lines, and if the construction 
is carried out accurately all such lines should intersect in a single 
point. The distance of this point from each of the axes is equal to 
^ i.e, OM and MF in Fig, 150 are each equal to the focal length 
Method II.—^When a convex lens is used to form a real image 
of an object on a screen, there are in general two positions of 
the lens corresponding with a given distance between the object 
and the screen. In one of these positions the lens gives a magnified. 
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in the other a diminished image. The distance from the lens to tlie 
object ill the first case is equal to the distance from the lens to the 
screen in the second case. 



Let d be the distance between the object and the screen, and a 
the distance between the two positions of the lens. Then 


d — a 



d-\-a 


and on substituting in the formula 

11^1 

V n f 


we obtain 


/- 


41/ 


Set up the lens between the object and the screen so that a 
real image is formed on the screen. Keeping the object and 
the screen fixed, move the lens so as to find the second position 
in which it can form a real image. Measure the distance 
through which the lens has been moved, and also the distance 
between the object and the screen, and calculate the focal 
length. 

As a particular case of the above, find by trial the position 
for which a 0. In this c.ase d has its minimum value and 




d 

4’ 
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Expt. 130 . Optical Bench: Determination of the Focal 
Length of a Concave Lens. —Since it is impossible to obtain 
a real image using a single concave Icms, it is necessary to 
combine a convex lens of suitable focal length with the given 
concave lens in order to cai ry out the foregoing methods. The 
combination consisting of the convex and concave lenses should 
act like a convex lens, and the focal lengtli of the combina¬ 
tion (/) may be found as in Expt. 129. The focal length 
(/j) of the single convex lens employed may be found by the 
same method. Then the focal length of the concave lens (fo) 
may be calculated by means of the formula 

I _ I I 

Care must be taken to give the proper signs to each quantity 
in the formula. 

Expt. 131 . Measurement of the Eadii of Curvature of the 
Surfaces of a Double Convex Lens. —First find the focal 
•^length of the lens by one of the methods already described. 
Next find the distance from the lens at which an object must 
be placed so that it may coincide in position with the image 
formed by reflection from the second face of the lens 

The way in which this image is formed is shown in Fig. 151. A 
ray starting from P and refracted by the first surface of the lens 



will retrace its original path after reflection from the second surface 
provided it meet that surface at right angles. Consequently the 
refracted ray QR must pass through C, the centre of curvature 
of the second surface. Some of the light is transmitted through this 
surface as shown by the dotted lines on the right. Thus 0 is the 
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virtual image of P formed by rays passing through tbe lena 
OP = (i and OC = s, then in the equation 


1 

V 


1 


u~dj v~s. 


Hence 
so that 


1^11 
5 d /’ 


If 


In this formula / is to be considered as having its algehraii. 
value. 

The exp(‘rimental determination of d may be carried out by 
using the method of parallax with a pin as the object, but as 
the image formed by reflection is faint it is easier to carry out 
tlie rneasuremoiit on the o[)tical bench, using a scn^m with a 
circular aperture crossed by wires at right angles to receive 
the image of the illuminated aperture. Since object and image 
are then at the same distance from the lens, the distance from 
the lens to the screen is equal to d. 

In a dark room the experiment can be done with a ]>in fitted 
with a small well-illuminated flag, or in the laboratoiy the lens 
may be floated on mercury to intensify the reflection. 

Thi^ radius of curvature r, of the other face of the lens, may 
be found by the same method after reversing the lens in its 
holder. 


Knowing the values of 9*, and the refractive index of the lens 
can be found from the formula 


The quantities/, r, and s must all be prefixed with their proper 
signs. To do this for the two radii, the lens may be imag ,d to 
be set up for use; one side is considered as the incident side, and all 
distances measured on this side are positive. ' . if either surface 
of the lens is convex in this direction, its radius of curvature is 
negative since its radius would be measured in the opposite 
direction, and so on. 
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§ 1. Magnifying Power of a Simple Lens 

The apparent size of an object depends on the angle which the 
object subtends at the observer's eye, that is, it depends on the 
linear dimensions of the object and on its distance from the eye. 
By bringing the object nearer to the eye its apparent size is 



increased, but when it is brought too close it cannot be seen 
distinctly. The least distance of distinct vision for a normal 
eye is taken usually as 25 cm. i 

When a single lens is used as a simple microscope, it is placed 
close to the eye, and the distance of the object is adjusted so that 
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a virtual image is formed about 25 cm. away. Thus, if AB is 
an object at a distance from the convex lens less than its focal 
length, a virtual image is formed at ah which should be 25 cm. 
from the eye (Fig. 152). 

The magnifying power of a lens or microscope ^ is defined as 
the ratio of the angle subtended at the eye by the virtual image 
to the angle which would be subtended at the eye by the object 
when placed 25 cm. away. That is 

TLr -e ' a/t Angle subtended at the eye by ab at 25 cm. 

Magnifying power, M = r—-r- t—-t --r— 

^ Angle subtended at the eye by AB at 25 cm. 

When the angles are small and the eye is almost touching 
the lens, we have 

. ab 

Magnifying power, ^ = AB/'25"" AB* 

Consequently the magnifying power is equal to the linear 
magnification. 

Relation of Magnifying Power to Focal Length of Lens.— 
Let the focal length of the lens be / cm. Let the distance of 
AB from the lens be u cm. 

- h-H 

1 ^ ^ 1 

* 

But the magnifying power M = ^ ^ — 1 - 

A B u f 

Hence, if / be known, the magnifying power can be calculated. 
Here/has its algebraic value ; for a convex lens it is negative. 

Expt. 132. Determination of Magnifying Power of a 
Simple Lens. 

Method I. —Measure the focal length of the lens by 
placing it between two pins, and adjusting the distances of 
the pins so that the image of one coincides with the other. 
Measure the distances (u and v) of the pins from the lens, and 
substitute in the formula 

1 1 1 
V n'^f 

1 lu speaking of a telescope the expression “magnifying power*’ is vised in 
a different sense (page 287). 
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lleiiiember that disLincc^s are positive only when measured 
opposite to the direction in which tlie light is travelling. 
Knowing the focal length, the magnifying 2 )ower is given by 




/ • 


Method II.—Place a millimetre scale on the bible, and 
support another scale about '20 cm. above it, and parallel to it. 
View the upper scale with the lens, and arrange so that the 
lower scale can be seen directly at the same time with the other 
eye. Adjust the lens and scales so that botli scales can be 
seen distinctly, the upper through the lens and the lower 
directly. Tlnm count the number of millimetres on the lower 
scale which ap]jear equal to two or to three millimetres on the 
upper scale. Let mm. on the upper scale ec^ual Ng on the 
lower scale. 


Then 


M- 




§ 2. The Microscope 

CONSTRUCTION AND MAGNIFYING POWER OF A 
MICROSCOPE 

The essential parts of a compound microscope are two convex 
lenses of short focal length ; 

(1) The object-grlass or objective. 

(2) The eye-piece or eye-lens. 

The distance I^etween the object and the objective is a little 
greater than the focal length of the objective. Consequently a real 
inverted magnified image is produced on the other side of tlie lens. 
In Fig. 153 AB is the object, A'B' is the real magnified inverted 
image formed by the object-glass at O. This real image is tlien 
viewed through the eye-lens, which acts in exactly the same way as 
a magnifying glass. ^ 

The distance between the real image and the eyc-lens is less than 
the focal length of the lens ; consequently a magnified virtual image 
is produced. The lens is adjusted so that this virtual image is 

^ If the experiment on th« <letermination of the magnifying power of a simple 
lens has not been done, it should be worked through before going further with the 
compound microscope. 
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formed at the least distance of distinct vision, nsually taken as 
25 cm. from the eye. 

A'B' is the real image formed hy the objective, A"ir is the 
virtual image formed by the eye-piece E. 



The magnifying power of the instrument is defined as the ratio 
of the angle subtended at the (‘ye by^ the image A"IV' to the angle 
subtended at the eye by the object when placeil at the least distance 
of distinct vision. 

Hence the magnifying 2 >ower 

_Aiigle sub tendc M l at E b y A"]3" _ 

** Angle subtended at E by object at 25 cm. * 

_ Ang lo subtende d at T^_l.yjrir ai = AB), 

** Angle subtended at E by aO 
A"]V' . 1 

^ ^ cipproxinifttclj/’# 

ab 

ExrT. 133. Construction of a Microscope.—!. As the object 
use a small 2 )iece of sejuared pa{>er, or a short clearly-marked 
millimetre scale, placed on the horizontal base ot a retort 

2. Find approximately the focal length of the short-focus 
lens i to be used as objective, and support the lens above the 
squared paper at a distance a little greater than this. 

3, Above the lens place a small horizontal i)latform ^ 
circular hole in it, and arrange matters so that t he a xi s of the 

than~6 cm., preferably about 2 or 3 cm. 
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lens passes through the centre of the hole. A second piece of 
squared pa})er is fixed on the platform. 

4. Above the platform arrange on the retort stand a metal 
ring carrying cross-wires. On looking down from above, the 
real magnified image A'B' will be seen. Adjust the height of 
the cross wires so that there is no parallax ))etween them and 
the lines of the image. When this is the case the cross-wires 
must be in the same horizontal plane as the image formed by 
the object-glass. 

5. Place the eye-piece^ in position so as to magnify the 
image formed by the object-glass. 

6. The image which the eye-piece forms of the object-glass 
is called the eye-ring or Ramsden circle. Through it 
jiasses all the light which traverses the instrument. When 
the eye is at the eye-point (the centre of this circle), the 
field of the eye-lens should appear filled with the magnified 
image of the squared pai>er. Mark the position by a metal ring. 

7. Adjust the platform*till it is 25 cm. from the eye-ring. 

Expt. 134. Magnifying Power of a Microscope. 

Method L —Observe the squared pai)er on the platform 
directly with one eye while looking through the microscope at 
the magnified image of the first paper with the other eye. With 
practice it is possible (assuming the vision of both eyes to be 
normal) to see the two images at the same time with the mag¬ 
nified squares overlapping those seen directly. If any diffi 
culty is found in seeing the two inmges together, try o})ening 
and shutting the eyes alternately for a time so as to see sepa¬ 
rate images, and then open both eyes at once to get tlie super- 
j)Osed images. Observe the number n of divisions seen directly 
which correspond with a number m seen through the microscoj)e. 
Then the magnification is w/m, for in this case n/w.. 

In this determination the eye should be placed at the eye-ring. 

Method II.—Determine separately the magnification Mo, 
produced by the objective, and M#, that produced by the 
eye-lens ; then the magnifying j>ower of the microscoj>e is 
M-MoxM,. 

Determination of Mo.—Place a small piece of squared paper 
on the ring supporting tlie cross-wires and arrange it so that 
the divisions are alongside the divisions of the real image A'B'. 
Find the number n' of divisions on this small piece of pai>er 
which correspond with a number of the image A'B'. 

^ The focal length of the lens for the eye-piece should be less than 7 cm., 
preferably about 4 or 5 cm. 
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Then 

in 

Determination of M,..—To find the magnifying power off the 
eye-piece, place a small piece of Sipiared jiaper on the ring sup¬ 
porting the cross-wires and arrange it so that it covers over the 
real image ATi'. Then jdace the eye at the eye-ring and com¬ 
pare the divisions on this piece of paper witli the divisions on 
the si^uared paper on the platform seen with the other eye. The 
process is exactly that einjdoyed in finding the magnifying })ower 
of a simple lens. Note tlie value of M«j thus found and calculate 

Mkthou III,—Determine M^, and separately by calcula¬ 
tion, and calculate M == x Mg, 

To calculate Mo :— 


Size of image A'B 
Size of object Ali ’ 


Distance of imago ATV from O 
Distance of object from O 


Measure these distances and calculate Mo- Note that the 
distance of the object AB from O is very nearly equal to the focal 
length of the object-glass, while the distance of the image ATV from 
O is about the length of the microscoj^e tube. 

To calculate Mg :— 

Assuming the eye-ring to be very near the eye-lens the magnifying 
power of the eye-lens is given by the formula 


Mg-1- 


25 


where / stands for the algebraic value of the focal length of the eye- 
lens. Find and calculate Mg, and hence determine 

M == Mo X Mg. 


If the distance between the eye-ring and the eye-lens is not small, 
let it be denoted by e. The virtual image is formed at 25 cm. from 
the eye-ring, not from the eye-lens. The magnifying power is now 


Since e is nearly equal to / this gives as an approximate formula 

25 


M, 
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§ 3. The Telescope 

CONSTRUCTION AND MAGNIFYING POWER OF A TELESCOPE 

The essentiiil parts of an astronomical telescope are two 
convex lenses : 

(1) The objeet-glass or objective of long focal length. 

(2) The eye-piece or eye-lens of short focal length. 

The lens of long focal length forms a real inverted imago of 
a distant object. If the object be very distant, as is the case 
with the astronomical telescope, this image is formed in the 
focal plane of the object-glass. 

In Fig. 154, rays coming from a point of the distant object 



in a direction parallel to the axis are brought to a focus at F, 
the principal focus of the object-glass 0. A pencil of parallel 
rays coming from some other point of the distant object in a 
direction parallel to AO is brought to a focus at A', a point in 
the focal plane of the object-glass. 

The real inverted image thus formed is then magnified by the 
eye-lens, which forms a virtual image on the same side of the 
eye-lens as this real image. 

When the telescope is in nomal adjustment, the eye-lens is 
placed at a distance equal to its focal length beyond the real 
image formed by the object-glass. Consequently, in this case 
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the rays emerging from the eye-piece are parallel, the final 
virtual image being formed at an infinite distance from the eye. 
The direction of the parallel rays is found by joining A' to E, 
the centre of the eye-lens. 

If the eye, accommodated for distant vision, bo placed behind 
the eye-lens, the parallel rays will be focussed on the retina and 
a magnified image will be seen. 

The magnifying power of an optical instrument is defined as 
the ratio of the angle subtended at the eye by the image 
to the angle subtended by the object. 

In order to make this definition complete, it is necessMy 
to specify the exact position of the image and also that of the 
object. In dealing with the magnifying glass or the microscope, 
it is usual to assume that, in making the comparison, both the 
image and the object are placed at the least distance of distinct 
vision, that is about 25 cm. from the eye. 

In the case of the astronomical telescope such an assumption 
would obviously be absurd, and instead we assume both imago 
and object are at an infinite distance from the eye. 

Thus for a telescope in normal adjustment the magnifying 
power 

Angle subtended by image 

Angle subtended by object’ 

"“aob age’ 

A'F/^^^ regarding the circular measure 

A'E/^F’ as equal to tlie tangent of the 
small angle; 

Focal length of object-glass 
Focal length of eye-lens 

The simple telescope is often used to view terrestrial objects 
the distance of whichmay be considerable but still far from infinite. 
In such a case the telescope is not in normal adjustment, and the 
final image may be formed at any distance convenient to the 
observer* Thus, the observer may adjust the eye-lens so that 
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the final image is at the same distance from the eye as the 
object, or he may prefer to have the final image at the least 
distance of distinct vision. 



The magnifying power caii then be calculated as follows :— 

... Angle subtended by imago 

Magmfying = 

A'EB' 

AOB. 

EB^’ approximately. 


Thus the magnifying power 

Distance of real image from object-glass 
Distance of real image from eye-lens 

This expression holds good whether the telescope is or is not 
in normal atljustment, and whatever be the distance of the final 
virtual image from the eye. 

Expt, 135. Construction of a Simple Telescope. —Set up a 

graduated scale at a considerable distance to serve as the object. 
In default of a scale, a brick wall forms a convenient object on 
which to make observations. Choose two convex lenses, one 
having as long, the other as short, a focal length as possible. 
Set up the long focus lens to serve as the object-glass so as to 
produce a real image of the distant scale. This real image 
can be seen by an eye placed at a sufficient distance behind it. 
Set up a pin so that it coincides in position with the real 
image of one of the divisions of the scale. This will be the 
case when there is no parallax between the pin and the imaga 
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Then arrange the short focus lens as an eye-piece to magnify 
the real iinagt*, so that the divisions of the scale are clearly 
visible. 

Expt. 136. Magnifying Power of a Telescope. —With one 
eye look tlirough the telescope, with the other look at the 
scale directly. The two eyes are thus being used independently 
at the same time, and this fact may cause difficulty on a first 
trial. The difficulty is reduced by arranging the eye-lens so 
that the arcottmiodation is the same for both eyes, i.e, that the 
final virtual image is formed at the s^ime distance from the 
observer as tlie scale itself. Focus the telescoi)e by moving 
the eye-lens, with the idea clearly in mind that the image is 
situated at the actual distance of the scale. If the adjustment 
is correct, and both eyes are made use of, a slight movement 
of the head should not cause relative movement of the two 
images. 

Fix the attention on a certain definite number of 
divisions seen through the telescope, and notice the number 
n seen directly^ which correspond with these. Then the 
magnifying power — nf'iii • 

Verify this by measuring the distance from the object-glass 
to the pin, and dividing it by the distance from the eye-lens 
to the pin. 

Also determine the focjil lengths of the two lenses and 
calculate the ratio of the focal length of the object-glass to 
that of the eye-lens. This gives the value of the magnifying 
power for the telescope in normal adjustment. 


§ 4. The Optical Lantern 

The optical lantern is used for projecting a magnified image 
of an object—usually a photographic transparency—on a screen. 
It comprises two lenses, or lens systems, the projection lens (or 
objective), and the condenser. The former is a corrected 
achromatic system which gives a real, magnified image of an 
object placed at a point somewhat beyond the first principal 
focus* The condenser usually consists of two plano-convex lenses 
mounted near together and forming a converging system. Its 
object is to concentrate the divergent light from the source, so 
that as much light as possible may pass through the middle of 
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the projection lens. This causes the image to be distorted as 
little as possible and also gives the largest field. 

The lineap magnification produced by the projection lens 



is the ratio of the linear dimensions of the image to the 
corresponding linear dimensions of the object. This ratio is 
considered positive for an erect, negative for an inverted, image. 
The general formula for the linear magnification m is 



for the length of the image is to that of the object as the 
distance v of the image from the lens is to the distance w of the 
object from the lens. 


But 

Hence 


r ” u ~ f ^ focal length /. 


V V 


or 1 - wi = 


/ 


Thus the focal length /- 


Expt. 137. Construction of an Optical Lantern. —To 

illustrate the action of the optical lantern select two lenses of 
large ai)erture, one having a focal length of about 25 cm., 
the other about 15 cm. A source of light of small 
dimensions is required. This may be secured by placing the 
flame of a candle or lamp behind a hole of about 0-5 cm. 
diameter in a metal screen. As object a metal arrow, or a 
scale ruled on glass, may be employed. If an attempt is 
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made to obtain a magnified iinago*^on a distant screen, using 
the lens of loiiger focal length as the projection lens, it will be 
found that the image is very faint, and tliat only the central 
portions appear at all. Now ])lace the lens of shorter focal 
length behind the object, and adjust the screen with the hole 
in it so as to form an image of the hole at the })laee occupied 
by the projection lens, Le. so that the hole and the projection 
lens are at conjugate foci with regard to the condenser or 
short focus lens. For example, the a]>})aratus may be adjusted 
so that the distance between the hole and the projection lens 
is a minimum (]>. 277) and ccjual to four times the focal length 
of the condenser. The conjugate foci in this case are said to 
be the symmetric points of the IciiB. 

If the object is just in front of the condenser, the imago 
on tlie screen should now be uniformly illuminated and all 
parts of the object (assumed smaller tlian tlie aperture of the 
condenser) should be represented on the screen. Examine 
the eftect of moving the position of the screen with the hole 
in it, and notice that there is only one position which gives 
uniform illumination. 

Expt. 138. Measurement of the Magnification and Deter¬ 
mination of the Focal Length of the Projection Lens.™ 

Measure the distance betwetm two well-defined points on the 
object, and the corresponding distance between the image 
points, (jalculate the linear magnification, Avhich in this case 
is coiisidonKl negative as the image is inverted. 

Measure the distance from the lens to the screen and deduce 
the value of the focal length/from the formula 



l)eing careful to give the proper signs to v ana to m. 




CHAPTER VII 


SPECTRA AND THE SPECTROMETER 

§ 1. Formation of the Spectrum 

W*HKN white light is passed through a prism, as in the cele¬ 
brated experiment of Sir Isaac Newton, the light is dispersed 
giving rise to a coloured band known as the spectrum. To 
produce a pure spectrum, in which there is no overlapping ol 
the images of different colours, it is necessary to use a very 
narrow slit, and also to pass parallel rays through the prism 
when the latter is in the position of minimum deviation. 

Expt. 139. Projection of a Spectrum on a Screen.—A 

powerful source of white light is required, such as lime light or 
the electric arc, but in a perfectly dark room a gas or oil lamj) 
may be used. The light of the source should bo focussed on a 
narrow vertical slit iu a metal plate by a convex lens used as 
a condenser. 

A second convex lens is placed on the other side of the slit, 
and is adjusted till an image of the slit is focussed sharply on 
a white screen. The prism is then placed, with its refracting 
edge vertical, in the path of the light issuing from the lens. 
On placing a sheet of white paper in the path of the emergent 
rays, a coloured band will be seen, and the screen will, in 
general, require to be moved from its first position, so that this 
band of colour may fall upon it. Rotate the prism about a 
vertical axis, and note whether the coloured image moves 
towards or away from the original undeviated image. Turn 
the prism until the position of minimum deviation is reached, 
t.e. until the spectrum is fonned as near as possible to the un¬ 
deviated image. It will probably be necessary to focus the 
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image of tlic slit on the screen again, after the position of 
minimum deviation lias heen found. This may be done by 
placing a small piece ot plane mirror in the path of the light 



issuing from the Jens, turning the mirror till a white image of 
the slit is formed on the screen close to the spectrum, and then 
moving the lens till this image is focussed shaqdy. In 
this way a modei’ately pure spectrum is projected upon the 
screen. 

Since the rays passing through the prism belong to a converging 
beam the spectrum i)roduced is not strictly a pure spectrum. To 
satisfy the condition that monochromatic rays should be parallel, 
when passing through the })rism, the distance between the lens and 
the slit must be equal to the focal length of the lens. An eye 


A 



placed to receive the beam emerging from the prism would then 
see a virtual pure spectrum. In order to project the pure spectrum 
on a screen, a second convex lens must be placed in the path of 
the light, so that its distance from the screen is equal to its focal 
lengtlu This arriingement for projecting a pure spectrum is some¬ 
times useful, as, for example, when it is desired to pliotograph the 
spectrum by replacing the screen by a photographic plate. The 
same principle is employed in the construction of the spectrometer 
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§ 2. The Spectrometer 

The spectroscope is an instrument for producing dispersion 
of rays of light so as to form a spectrum, and for observing the 
spectrum so formed. 

The spectrometer is a similar instrument provided with 
suitable arrangements for measuring the deviation of the dispersed 
rays. 



Fia. 159.—Spectrometer. 

The essential parts of such an Instrument are: 

(1) The collimator, which is an apparatus for securing a 

pencil of parallel rays. 

(2) The prism (or diffraction grating), for dispersing the 

rays, mounted on a revolving table. 

(3) The telescope, for viewing the spectrum. 

The instrument is also provided with graduated circles (with 
verniers) for determining accurately the positions of the prism 
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and the telescope. Figs. 159 and 160 show the most important 
features of the instrument. 

^ The oollimator is a tube which carries at one end a narrow 
adjustable slit S, and at the other an achromatic convex lens L, 
The slit is illuminated by the source of liglit the spectrum of which 
is to 1)6 examined, h or many jmrposes a flame impregnated with a 
salt of sodium, and showing a characteristic yellow coloration, is a 
convenient source, since the light is approximately mojiochromatic. 
Ihe distance between the slit and the lens can be adjusted so that 
the slit is at the focus of the lens and the light emeiges from the 
lens as a parallel beam. 

The prism ABO rests on a circular tabhi D, which is capable of 
rotation about a vertical axis. The table is i)rovided usually with 



a clamp so that it may be fixed in any desired position, and some¬ 
times with a tangent screw to give it a slow motion. 

Parallel light emerging from the prism falls on the lens M, and 
is thereby brought to a focus at F, the principal focus of the lens, 
so that a real image of the slit is formed in the focal plane. 
Another lens E (or more commonly a compound eye-piece) is used 
to give a magnified virtual imago of this real image. The two 
lenses M and E, mounted in a tube, together constitute a telescope. 
The telescope can l>e rotated about the same vertical axis as the 
prism table, and, like the latter, is usually provided with a clamp 
and a tangent screw. 

Expt. 140. Adjustments of a Spectromet<%r. —The exact 
adjustment of a spectrometer is a process which requires 
considerable care. It may be assumed that the mechanical 
adjustments have been made by the instrument-maker, and 
only the principal optical adjustments will be described. 
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The Telescope.—Tlic cyo-piece of the telescope is used to 
give a magnified image of an object placed at a certain small 
distance from the lield-lens. It is made to slide in and out 
of the telescoi)e tube. Turn the telescope towards a uniformly 
illuminated surface, such as a light wall, and slide the eye¬ 
piece in and out of the tube until the spider-line or cross¬ 
wires fixed in the tube can lie seen distinctly, fh© eye-piece 
is now said to bo focussed on the cross-wires. In 
consequence of the power of accommodation of the eye there is, 
however, a certain amount of latitude in this adjustment. It 
is next necessary to focus the telescope for parallel rays, 
t,e. to make the distance of the object-glass from the cross- 
wires equal to the focal length of the lens. The simplest way 
of making this adjustment is to focus the telescope on a very 
distant object. 

"WTien the adjustment has been made, tlie observer looking 
through the telescope should be able to see clearly both the distant 
object and the cross-wires without altering the accommodation of 
the eye. To test the accuracy of the adjustment the method of no 
parallax should bo used, that is, the eye should be moved from side 
, to side behind the eye-piece and any relative motion of the si)ider-line 
and the distant object should be noted. The adjustment is correct 
when no such motion can be observed. 

The OolUmator.—Set up a sodium flame (p. 295) so that 
the brightest part of the flame is opposite the slit of the 
collimator, and turn the telescope so that the axes of the tubes 
are in the same straight line. 

On looking through the telescope the yellow light passing 
through the slit should be seen, but the image of the slit will, 
as a rule, be badly defined. The collimator must now be 
focussed by altering the distance between the slit and the lens 
until the image of the slit is seen with clear and well-defined 
edges. 

When the adjustment is correct there should be no parallax 
between the cross-wires and the edges of the slit. Since the tele¬ 
scope already has been focussed for parallel light, the collimator 
must now be giving parallel light from the slit. 

V Expt. 141. Measurement of the Angle of the Prism of the 
' Spectrometer. —Open the slit fairly wide so as to allow plenty 
of light to pass through the collimator. Place the prism on 
the table of the sjiectrometer with the angle to be measured 
turned towards the lens of the colHinator. Parallel light from 
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this lens will now fall on both the faces AB, AC of the prism, 
which contain the angle to bo measured. Some of the light 
falling on each face will be reflected as shown by the con¬ 
tinuous lines, and it is easy to prove that the angle between 
the two reflected beams is equal to twice the angle of the prism. 
By moving the eye in the horizontal plane of the axis of the 
collimator, and looking at one face AB of the prism, the direc¬ 
tion of the reflected bc^am can be found. Turn the telescope 



Fio. 161.—Measurement of Angle of Prism. 


to point in this direction; then on looking through it the image 
of the slit should be seen. W/ien the slit has been brought into 
the field of view^ the width of the slit must he made very small 
and the telescope turned till the intersection of the cross-wires 
coincides with the image of the narrow slit. 

Read the position of the telescope by the vernier or verniers 
provided. To do this it may be necessary to reflect the light 
of a gas or electric lamp upon the verniers by moans of a 
small mirror. Without moving the prism or the table, turn 
the telescope to view the image formed by reflection from the 
second face AG of the prism, and again read the position of 
the telescope. Find the angle betw^een the two positions of 
the telescope, and deduce the angle of the prism, A. 

It often happens that four slit images can be seen as the 
telescope is moved round in a horizontal plane. Two of these are 
reflection images, the two of which the j)Ositions are required; the 
other two are images formed by refraction through the back sur¬ 
face of the prism, and care must be taken to use neither of these 
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by mistake. This can be avoided readily if the images are first 
obtained by the unaided eye, and the telescope brought into position 
witiiout moving the eye, it being easy to see from which surface the 
light is coming. 

The bogus images correspond with the refracted rays shown 
dotted in Fig. 161. This trouble can be avoided entirely if the 
back surface BC is covered with paper, or if a prism with a matte 
face is used. 

Sometimes the reflected images can be seen plainly with the 
unaided eye, but cannot be seen in tlie telescope. This is due to 
the table of the spectrometer not being properly levelled, the 
light being reflected either upwards or downwards so that it 
strikes the inside of the telescope tube. It will be observed in 
such a case that when the telescope is swung into position after 
finding the images with the eye unaided, the eye-piece of the 
telescope is not level with the eye. The table must be levelled 
with the screws fitted to it until the eye when viewing the 
reflected images unaided is on the same level as the eye-piecti. 
Then finally adjust the level till the image of the slit occupies 
the same position in the telescope field when viewed by reflection 
in either face, and also when viewed directly with the telescope 
and collimator in line, and no prism on the table. 

Expt. 142. Measurement of the Angle of Minimum 
Deviation. —liace tlie prism on the table of the spectrometer 
so that the angle A already measured may serve as the refract¬ 
ing angle. Then the light from the collimator should be 
incident on the face AB and emerge from the face AC to enter 
the telescope. The positions of the different • parts of the 
apparatus when light is refracted through the prism are shown 
in plan in Fig. 160. In setting up tfie prism be careful to 
place it in s\Lch a position tluit the maximum amount of light 
available from the collimator may he utilised and enter the 
telescope. This is best achieved if the refracting edge of the 
prism is placed over the centre of the table. 

In order to find the direction in which the tele8coj>e must 
point, turn it to one side, and, using one eye only, look into the 
face AC of the prism, moving the eye until an image of the 
slit formed by refraction through the prism is found. Have 
the slit wide open in looking for this image. When the proper 
direction has been found, turn the telescope to point in this 
direction without moving the head. On looking through the 
telescope the image of the slit should now be within the field 
of view. 

The light has been deviated in passing through the prism; 
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the angle of deviation being the aente^ angle Ix'iween the 
direiftion of the collimator and that of the telescope. This 
angle is a minimum when the light passes through the prism 
symmetriciilly. 

To find the position of minimum deviation, look through 
the telescope and rotate the tixble carrying the 2)rism so that 
the image of the slit moves towards the axis of the collimator 
produced. It may be necessary to move the telescope so as 
to keep the imago within the held of view. A position will 
be found in which the image of the slit is as near as it can 
possibly be to the axis of the collimator. This is the position 
of minimum deviation. 

The telescope is adjusted until the slit is ap})roximately in 
the centre of the held of view when the prism is in this posh 
tion, and the telescope must then be clamped. The slit is 
now made as narrow as possible, and the prism is rotated 
slowly backwards and forwards through the minimum position 
several times. The telescope is moved by the slow motion 
screw until, as the prism is rotated, the slit moves up from one 
side until it is bisected by the vertical cross-wire, and then 
moves away again to ths mine side without ever passing beyond 
this position. The position of the telescope must now be 
read by means of the verniers and the graduated circle. 

Now remove the prism from the table of the spectrometer, 
and turn the telescope to point directly towards the collimator, 
so that the undeviated rays may enter the object-glass and 
form an image of the slit on the cross-wires. Clamp the 
telescope in this position and make the final adjustment with 
the slow-movement screw. Again read the position of the 
telescope by means of the verniers and the graduated circle 

The difference between the reading in this position and 
that already oVitaincd in the position of minimum deviation 
gives the angle of minimum deviation D. 

The refractive index of the material of the prism may now be 
calculated by means of the formula 


sin 


A + D 


11 .=- 


sin- 


The refractive index of a liquid may be determined by the same 
method, using a liollow prism with parallel worked glass faces to 
contain the liquid. 
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MAPPING SPECTRA 

The position of a line in the spectrum may he determined 
by finding the position of the telescope when the line is on the 
cross-wires, or by finding the reading of the line on a scale which 
is reflected into the field of the telescope from the second face 
of the prism. In either case the prism is supposed to be kept 
fixed. In some instruments, known as Constant Deviation 
Spectrometers, the telescope is kept fixed, and the prism is 
rotated so as to bring one line after another upon the cross¬ 
wires. The angle through which the prism is turned then serves 
to fix the position of a particular line. 

If a curve be plotted showing the relation between the wave¬ 
length of the lines and their position as defined above, the graph 
is called a map of the spectrum, or a calibration curve of the 
spectrometer. Such a map may be used to find the wave-length 
of any lino of which the position can be determined. 

AVave-lengths are usually expressed in Angstrom Units (a.u.) 
or Tenth Metres metre or cm.). Occiisionally, 

however, they are expressed in terms of a unit ten times larger, 
viz. the micromillimetre (l/xya= 10”® mm. = 10”^ cm.). 

Expt. 14.^. Mapping Spectra. —Adjust the spectrometer 
as in Expt. 140, and using a sodium flame as the source of 
lights arrange that the prism may be in the position of 
minimum deviation as in Expt. 142. Clamp the prism in this 
position. 

When a photographic scale fixed in a separate collimator tul)e 
is used to determine the position of the lines, this must be set 
up so that the scale, illuminated by a small lamp, gives rise to 
an image in the focal plane of the telescope, by reflection from 
the face of the prism. When this method is not employed, the 
position of the telescope must be determined by reading the 
vernier attached to it. 

The position of the sodium lino should be taken as a 
standard, and the position of other lines determined with 
reference to it. The sodium line, when examined by a spectro¬ 
scope of sufficient resolving power, is found to consist of two 
lines close together, known as the I) lines. 

Determine the position of a munber of lines in the flame 
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spectra of metallic salts, tlie specti'a being produced by 
volatilising salts of the metals in a Bunsen flame. Introduce 
the salts into the flame on a platinum wire fused into a glass 
tube as a handle, cleaning the wire between each experiment 
by immersiTig it, while incandescent, in hydrochloric acid. 
Suitable salts for this purpose are lithium chloride, thallium 
chloride, potassium chloride. (See Appendix, p. 655.) In the 
case of the potassium salt two lines can be found, one in the 
red, the other in the extreme violet. The latter can only be 
found by turning the telescope far enough into the violet, and 
observing immediately after the Siilt is introduced into the 
flame. Two experimenters are required, one to introduce the 
Siilt into the flame, the other to observe the line in the telescope. 
Xitre may be used for this line. Strontium chloride gives a 
strong line in the blue at 4607 a.tt. Barium and calcium 
chloride give a number of lines which can be identified after 
the calibration curve has been drawn. 

Spark spectra may be observed by passing the discharge of an 
induction coil (see Expt. 249 in Electricity) between terminals of the 
metal to be examined. The inner and outer coats of an insulated 
Leyden jar should bo connected to the terminals of the spark-gap. 

The spectra of gases may be observed by passing the discharge of 
an induction coil through ‘ vacuum tubes ^ containing the rarefied 
gases. 

Absorption spectra may be observed by illuminating the slit 
with white light, and introducing the absorbing substance in the 
path of the rays travelling towards the slit. Observe in this way 
the characteristic spectrum due to a dilute solution of blood, and 
the spectrum due to an alcoholic solution of chlorophyll. The 
vapour of iodine, obtained by heating a few crystals in a glass tube 
in front of the slit, gives rise to fine dark absorption lines. 

By reflecting sunlight into the collimator, the dark Fraunhofer 
lines, due to absorption in the atmospheres of the sun and the 
earth, may be observed. 

Plot a curve on squared jiaper, on a large scale, showing the 
relation between the scale-reading and the wave-length correspond¬ 
ing with certain suitable lines. This curve is an Interpolation 
Curve for the particular prism used. From this curve may be 
determined the wave-lengths of bright lines or the limits of absorp¬ 
tion bands. 



CHAPTER VIII 


PHOTOMETRY 
§ i. General Principles 

The branch of Physics which deals with the estimation of the 
light-giving power or luminous intensity of a source of light is 
called Photometry. The candle-power is taken as the unit of 
illuminating power; and the luminous intensity of any source 
is expressed in terms of the number of standard candles which 
would give out the same quantity of light. 

The standard caudle is defined as a sperm candle ^ inch in 
diameter, weighing six to the pound, and burning at the rate 
of 120 grains an hour. It is an unsatisfactory standard, and 
usually some other standardised source, such as a Pentane lamp, 
is used. The most convenient standard is perhaps an in¬ 
candescent electric lamp, working at a certain constant voltage. 
The unit of luminous intensity based on such standards is called 
the International Candle. 

The illumination, as the intensity of illumination of a 
surface is usually called, is measured in terms of a unit called 
the lux. The illumination on a surface is 1 lux when the 
surface is illuminated normally by a point source of unit 
intensity at a distance of 1 metre. 

In Great Britain the candle-foot is commonly used as the 
unit of intensity of illumination. It is the illumination on a 
surface illuminated normally by one standard candle at the 
distance of one foot. 
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The term luminous Hux is used in photometry to denote the 
emission of light per unit time. The unit of light flux is the 
flux emitted per unit solid angle from a source of unit intensity; 
this is called 1 lumen. 

The eye is unable to make direct estimate of luminous 
intensity with any approach to accuracy, on account of the 
variation of the diameter of the iris, and also for other reasons, 
mainly physiological and psychological. To compare luminous 
intensities, therefore, some form of apparatus is used to assist 
the eye. Any such apparatus is called a Photometer. 

"rtie use of a photometer depends on the adjustment of two 
surfaces to have equal intensity of illumination, this equality 
being judged by the eye of the observer. With lights of the 
same colour the adjustment can be made with practice to about 
0-5 per cent; but if the surfaces are illuminated by lights of 
different colours the accuracy is not nearly so great. In this 
case it will be found much easier to make the comparison 
between the two surfaces if the eyes are half-closed. It is 
impossible to retain any accurate idea of the intensity of 
illumination of a surface even for so short a time as a second, 
and therefore the two surfaces to be compared must be viewed 
simultaneously or interchanged rapidly as in the Flicker Photo¬ 
meter. If the surfaces are separated by a band whose intensity 
of illumination is different from that of the surfaces to be 
compared, the estimation is rendered much less accurate, and 
therefore the surfaces must really be contiguous parts of the same 
surface illuminated simultaneously. 

The illumination of a surface due to a small source of light 
varies inversely as the square of the distance of the surface from the 
source. If, therefore, a source of luminosity of candle-power, I, 
is placed d cm. from a surface, the intensity of illumination is 
measured by IjdK 

If two sources of candle-powers, 1^ and Ig respectively, 
illuminate two pai'ts of a surface equally, when at distances 
and d^ cm., the illuminating powers are related by the 
equation 
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SO that if is known and and are measured, Ij can be 
calculated, for 


§ 2. Photometric Measurements 

RUMFORD’S PHOTOMETER OR THE SHADOW PHOTOMETER 

In this appamtus the surface illuminated may be either a 
white opaque sheet of paper viewed from the same side as the 
two sources of light, or it may be a translucent screen viewed from 
the side remote from the sources. In either case, one part of the 
surface is screened from one of the sources by a rod plact^d between 
the screen and the source, the rod being so situated tliat shadows 



Fio. 162 .—Romford's Photometer. 


of the rod, one thrown by each source, lie side by side on the 
screen. The shadows must neither overlap nor should they he 
separated by a bright band illuminated by both sources. In 
Fig. 162 the shadows are separated to simplify the diagram. 

The shadow thrown by each source is of course illuminated by 
light from the other, and when the shadows are equally intense, 
the intensities of illumination due to the two sources are equal 
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Kxpt. 144. Rumford's Photometer. —Set up in a dark room 
vertical rod in front of the screen of the photometer. 
CJompare the luminosity of a gas (or electric) light with 
that of a wax candle by adjusting the distances of the sources 
from the screen, until the shadows are of the same intensity. 
Care must be taken that the lines joining the sources to the 
rod are equally inclined to the screen, i.e. the angles 0 and 
in Fig. 162 must be approximately ecjual. Measure the 
distances, from the sources to the screen, and calculate 

the candle-power of the source under test. Hepeat the de¬ 
termination several times with the sources at different distances 
from the screen, and take the mean of the results obtained. 


BUNSEN’S PHOTOMETER OR THE GREASE-SPOT 
PHOTOMETER 

In this form of photometer, an opaque white screen (of paper) 
is rendered translucent over a portion of its surface by means of a 
spot of clean white paraffin wax.^ It is illuminated from one side 



Fia. 168 .— Bunsen’s Photometer. 


by the standard source, and from the other by the source of which 
the luminosity is to be measured. 

The opaque portions of the screen are assumed to reflect the 
whole of the incident light, while the tianslucent portions reflect 
a definite fraction, say 1/w, of the light falling on them, transmit¬ 
ting the remainder. If the intensity of illumination from one side 

^ “A piece of good homogeneous paper is uniformly warmed on a plate. In 
the centre of this a small circlet or annulus is described with a little melted 
stearin on a fine brush. This ring is allowed to cool; there is a free unwaxed 
spot within the boundary thus made, which must now be filled with melted wax, 
well pressed Into the paper. The previously formed boundary secures a well- 
defined spot.”—Sheppard, Photo-chemistryt p, 31. 
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is and from the other side is the grease-spot will appear 

to be of the same brightness as the rest of the screen, when 


Le, when 


n d^ \ njd^ 


I, 

d} d f 


According to this simplified description the grease-spot should dis¬ 
appear when viewed from either side. There is, however, a certain 
fraction of the light absorbed in passing through the translucent 
grease-spot, and although it may be 2 ><^«sible to make the sjiot 
almost invisible when viewexl from one side, the ajipearancc on the 
other side is always quite diftereiit. In practice, the adjustment 
should be made until the grease-spot ajipears the, sa7m amount 
darker' than the rest of the screen on both sides. 

Two plane mirrors are usually attached to the screen so as to make 
an angle of about 60'" with it on either side. By means of these 
mirrors both surfaces of the screen may be vicAved at the same time. 

An alternative method is to adjust the ‘unknown ' source until 
the grease-spot is invisible when viewed from the standard side, and 
to observe the value of t/j which gives this result; then to readjust 
the position until the grease-spot is invisible when viewed from the 
unknovm side, keeping the standard source and the screen fixed, i.e, 
d^ being kept constant. 

If these distances are d^ and d,' their mean may be taken as 
the true value of dj, or the expression 



T -T 

O.ll 


may be used to calculate 1^. 

This second methofl is easier to use, 
there being no trouble such as is involved 
in the first method in estimating when the 
grease-spot is the same amount darker 
than the rest on both sides. 


I Expt. 145. Bunsen’s Photometer. 

Fia Photo- —Photometer for comparing 

meter Head. th^ illunnnatmg power of an electric 

lamp with that of a candle, and that 
of a gas flame with that of a candle. Check the results of 
the observations by comparing the gas flame and the electric 
light directly 
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If possible use a stand on which three candles can be 
mounted close together and make the comparisons with one, 
two, and three candles, estimating the percentage error pos¬ 
sible ill the measurement. 


JOLY’S PHOTOMETER 

Two rectangular blocks of paraflin, about 5x2x1 cm., are 
placed together, witli 
two of the larger faces 
separated by a sheet of 
tinfoil. The blocks 
are placed between 
the two sources of 
light to be compared, 
so that one block is 
illuminated by ciiie 
sourijo and the second 
block by the other 
source. The observer 
views the blocks from 
the side (Fig. 165), 
and adjusts the posi¬ 
tion until the two 
faces separated by the 
tinfoil as dividing line 
appear equally bright. 

The eyes of the ob¬ 
server should be pro¬ 
tected by suitable screens from the direct rays of the lights used. 

Expt. 146. Joly^s Photometer. —Set up the photometer on 
a long optical bench and use it to compare the candle-power 
of an incandescent gas lamp with that of an electric lamp. 
When the correct positions have been found, measure the 
distances from the photometer to the two sources and calculate 
the ratio of the illuminating powers. Repeat the observation 
several times for different positions of the sources, and take 
the mean of the rg^wltls. Make an estimate of the percentage 
error possible ip<the measurement. 



P'la. 165.—Jolyts Paraffin Wax Photometer. 



HMMER-BRODHUN PHOTOMETER 


The essential part of this instrument is the same as that in 
Swan’s prijsm photometer (1859). The two sources send beams of 
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llglit to two mirrors at 22^ to tlie patlis of tlie beams, and at 45° 
to each other. After a second reflection the beams strike a block 
of glass consisting of two right-angled prisms cemented together at 
the middle parts of their faces with Canada balsam, but separated 
by an air film at their edges (Fig. 166). 

The observer views the base of one of the prisms through a 
telescope at C. The light from the source A ts transmitted by the 
balsam, but is totally reflected by the air film. The light from B 



is totally reflected by the air film so that it enters the telescope 
parallel to the transmitted light from A. Thus the telescope receives 
a composite beam of light, the edges being composed of light from 
B, and the centre of light from A, The apparatus is usually 
arranged to give a somewhat elaborate ‘field pattern.’ 

By using a balsam of the same refractive index as that of the 
two prisms, there is no reflection at the inter-face and no absorption 
of the transmitted light, so that the trouble which arose in Bunsen’s 
pliotometer is entirely obviated. Very great accuracy can be secured 
by this form of apparatus, and it is very largely used in photometric 
laboratories. 

Expt. 147. Lummer-Brodhun Photometer. —Het u^) the 

Lummer-Brodhuu photometer on the optical bench, and use 
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it to find the candle-power of a gas flame and of an electric 
lamp, (confirm the results hy comparing directly the gas flame 
and the electric lamp. Estimate the percentage error possible 
in the measurement. 

§ 3. Measurement of Illumination 

The illumination of a surface can be measured by means of 
an illumination photometer. This is a portable instrument pro¬ 
vided with a screen which may bo placed in the position where the 
illumination is to be measured. A neighbouring surface, viewed 
at the same time, is illuminated only by a standardised source, 
usually a small electric lamp supplied by an accumulator. The 
illumination of this surface can be varied until equality of 
illumination is secured by various methods, e,g. by tilting the 
surface. The scale of such an instrument must be calibrated 
empirically. 

Photo-electric photometers. A direct measurement of illu¬ 
mination can be obtained by using a photo-electric cell. When 
a metal plate is exposed to ultra-violet light, electrons (p. 445) 
are emitted and this ‘ electronic current * is proportional to the 
light energy absorbed. While most metals require ultra-violet 
light to show the photo-electric effect, the alkali metals respond 
to wave-lengths in the visible spectrum and can be used in photo¬ 
metry. In one form of photo-electric cell a thin layer of cuprous 
oxide on a copper plate is covered with a transparent film of metal. 
When illuminated this gives an electromotive force between its 
plates. Such a * photo-voltaic’ cell may be connected to a sensitive 
moving-coil indicator having a scale calibrated in foot-candles. 
The instrument is very compact and simple in use. Experiments 
may be made in the laboratory to compare the illumination (a) at 
different places, (&)due to different sources, or(assuming thecalibra- 
tion to be correct) tD test the law of the in verse square of the distance. 

Instruments of this type are used for the determination of 
photographic exposures. Adjustable scales are provided so as to 
read directly the exposure required for any emulsion at various 
lens apertures. 



PART III 


ADDITIONAL EXERCISES IN LIGHT 

1. When a pin is fixed betwei n two parallel mirrors a number of images 
can be seen. lYace the path of the rays by which the third image in one 
mirror is seen. 

2. Set up two plane mirrors so that the angle between them is 72®. 
Find the positions of tlie images of a pin placed in the angle between the 
mirrors, 

8. Plot a curve showing how the lateral displacement of a ray of light 
passing obliquely through a plate of glass depends ui)on the angle of 
incidence, 

4. A cubical glass tank is filled with water, and a vortical pin is placed 
inside it. Plot a caustic curve for the rays refracted into the air through 
one side of the tank. 

5. Plot the caustic curve formed by rays reflected from a cylimlrical 
mirror, using a pin as the object and two other to deteriniiie the 
reflected rays. Do this both for convex and concave mirrors. 

6. Plot the caustic curve formed by rays refracted into air from a 
cylindrical beaker containing water, using a pin inside the beaker as the 
object and two other pins to determine the refracted rays. 

7. Plot the caustic curve formed when jiarallel rays are refracted through 
a cylindrical lens. (One-half of a lantern condenser may be used instead 
of a cylindrical lens.) 

8. A pin is fixed in a vertical position inside a cylindrical beaker of 
water. Trace the i)aths of rays from the pin into the air. Deduce the 
position of the image seen by an eye viewing tlie pin from the side of the 
vessel nearest to the pin. 

9. Trace the paths of parallel rays of light through a convex lens, and 
deduce the focal length. 

10. Trace the paths of parallel rays of light through a concave lens, and 
deduce the focal length. 

11. Find the focal length of the given convex lens in three different ways. 

12. Place the given convex lens so as to form on a screen an image three 
times the size of the object. Measure the distance from the object to fche 
screen, and deduce the focal length of the lens. 

18. Plot a curve showing how the distance of the image from the given 
convex lens depends upon the distance of the object, using pin-sights and 
the method of parallax. 

14. Find the shortest distance between an object and its image formed 
by the given convex lens. Deduce the focal length of the lens. 

810 
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15. Tho givRH Ions is TiximI at a distaiico of 40 cm. from a soreon. Find 
at wbat distance Iroin tlie lens an objeet must bo pbu^od to give a sharply 
defined image on tlio screen. Doterniine, tlie linear magnification of the 
image. 

](). Find tlic focal length of the lens formed by filling a watch-glass with 
the given liquid. 

17. Set nj) the two gi\en convex lenses so that parallel rays passing 
through the first meet again at the princii)al focus of the second. 

18. Measure the focal length of tlie combination formed by two given 
lenses, (a) in contact, {h) sojiarated by a distance of 2 cm. 

19. Determine the radii of curvature of the surfaces of the given concave 
lens. 

20. Determine lln^ radii of curvature of tlie surfaces of the giv<*n convex 
lens. 

21. Set up a convex lens to form a real image on a screen. Between 
the lens and the screen introduce a concave lens witii a ]>lane mirror beliind 
it. Adjpst the jiosition of this lens so that an image is formed coincident 
with the object. Deduce tlie focal Icngtli of the concave lens. 

22. Find the centre of curvature of a concave mirror. Set up a concave 
lens between the mirror and its centre of curvature. Adjust the position of 
a pin so that it may coincide with its n^fliection formed by rays passing 
through the lens. Deduce tlie focal length of tlie lens. In what case does 
this method fail ? Is the metliod apjilie.ablo for a convex lens ? 

23. Arrange a slit, prism, and lenses to project a pure s])cctrum on a screen. 

24. Adjust a jirism on tbe t.ible of a spectrometer to be in the position of 
niininium deviation. Mc'asure tlie angle at wliieli light is incident on the 
Jirism by finding the direction of tlie rays refiecti d from tlio first face. 

25. Plot a curve showing how tlie angle of deviation for the given prism 
varies with the angle of ineideiKa*. 

2fi. Measure the angle of tbe prism of a spectrometer, keeping the telescope 
fixedy and turning the prism .so that the image of the slit is observed by 
reflection first from one face, and .secondly from the other face. (The angle 
so measured is the supjilenient of the angle of the iirisni.) 

27. Compare the refractive indices of two liquhls, using a sjiectroraeter 
and a hollow jirism of small angle, 

28. Maj3 the flame spectra of calcium, strontium, and barium. 

29. Focus a spectrometer by em[>loyiiig Selinster’s rnetbod. 

Place a jirism on the spectrometer table and find the jiosition of minimum 
deviation for the sodium line a.s on jiage 299. Turn the telescope so that its 
axis is more nearly at right angles to that of tbe collimator tbrougb an angle 
sullicient to bring the image of the slit near tbe edge of tbe field of view. 
Clamp the telesco[io in tliis jiosition. Next turn the prism table in the 
same direction the telescope was turned till tbe sodium line is in tbe centre 
of tbe field of view. Focus the telescope carefully while tbe jirism is in this 
so-called “slanting” position. Now turn the prism in the opposite direction 
till, after a time, the sodium line is again in the centre of the field. Focus 
the collimator w'hile the prism is in this, the so-called “normal” position. 
Repeat tbe process several times, being careful to focus the telescope in the 
slanting position, and the collimator in the normal jiosition. The adjust¬ 
ment is complete when the slit is clearly focussed in both positions. 

This method has advantages as it does not require a di itaiit object, 
and does not involve removing either the teiesoojie or the jirism from the 
instrument. 
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CHAPTER 1 
THERMOMETRY 
§ L Introductory 

To define a scale of temperature we may use any property oi 
a body which varies continuously with temperature. If this 
property have values at the Freezing Point, and X^^^ at the 
Boiling Point of water under standard pressure, we define one 
centigrade degree as that change in temi)eraturo which causes 
a change (X^^q - X^)/100 in this property. 

If the value of the property be Xt when the body is in certain 
surroundings, the temperature of its surroundings is given by 

-^100 "^0 

on the particular scale which depends on this property X. 

For most practical purposes we take as our scale the scale 
depending on the position of the top of a thread of mercury in 
a glass tube. Its position is observed at the Freezing Point and 
again at the Boiling Point; and the thermometer stem l>etween 
these points is divided into 100 equal divisions, each being one 
centigrade degree. Two mercury-in-glass thermometers will 
agree only if similar kinds of glass are used and the bore of 
each is quite regular. 

Mercury-in-glass thermometers are used chiefly on account of 
their convenience. The standard thermometer for scientific 
purposes is a constant volume thermometer (p. 337) filled with 
hydrogen gaa 
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The efficiency of. a laboratory depends on the care taken of 
apparatus when in use^ and the student should use all reasonable 
precautions in the handling of fragile apparatus such as ‘tliermo- 
meters. A thermometer should never bo raised to a higher 
temperature than that for which it is constructed, and the 
thermometer should be returned to its case when finished with. 

In reading a thermometer any error due to parallax must be 
avoided : that is, the lino joining the eye to the top of the mercury 
thread must be at right angles to the stem of tlie instrument, so 
that the divisions of the scale may not be displaced relatively to 
the top of the thread. The student should practise estimating 
the I’eading of the thermometer to the tenth part of a centi¬ 
grade degree. 

It must not be forgotten that a thermometer registers its own 
temperature ; and therefore in using it to determine the tempera¬ 
ture of any substance it must be brought into intimate contact 
with that substiince and must be left there a sufficient length of 
time to acquire its temjierature. 

Expt. 148. Effect of Stem Exposure.—Place a thermo¬ 
meter in a hypsometer (p. 318) so that the whole stem is 
enclosed in the steam up to the 100° C. mark. Note the 
reading of the thermometer when the water is boiling gently, 
liaise the thermometer until the stem is exposed from the 70° 
mark upwards, leave it for a few minutes and take the reading 
again, the water being kept boiling gently the whole time. 
Kepeat the observations with the stem exposed from 40° G. 
upwards, and again from 10° C. upwards, and note the effect 
the exposure of the stem produces on the reading, although 
the temperature of the bulb is maintained the same throughout. 

Bear this in mind in all thermometric measurements. 


§ 2. Fixed Points of a Thermometer 

Two fixed points are necessary in order to define a scale of 
temperature. 

The lower fixed point is defined as the temperature of 
fusion of ice from pure distilled water; that is, it is the 
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temperature at which ice and water can exist togetlicr in 
equilibrium. This is called the lee Point or the Freezing Point 
and is marked 0° on the centigrade scale. The efl'ect of 
pressure on the melting point of a substance is so small that it 
can be disregarded, for all practical purposes, in defining the 
freezing point. 

The upper fixed point is defined as the temperature of steam 
rising from pure distilled water boiling under normal atmo¬ 
spheric pressure. This pressure corresponds to a barometric 
height of 760 mm. of mercury. The upper fixed point is called 
the Steam Point or the Boiling Point and is marked TOO'". Thus, 
on the centigrade scale, the interval between the freezing })oint 
and the boiling point is divided into one hundred degrees. 

The temperature of steam from boiling water is independent 
of the nature of the vessel in which the water is boiled, and of 
the impurities in the water, but varies with the atmospheric 
pressure. The variation of the boiling point with the pressure 
was carefully studied by Regnault, who found that in the 
neighbourhood of 760 mm. an increase of pressure of 26’8 mm. 
produced an elevation in the boiling point of 1° C. For small 
variations the change in boiling point may be taken proportional 
to the difference in pressure. The graph (Fig. 168) is drawn 
on this assumption. This should be copied in the student^s 
note-book. 

It is foimd that the glass of the thermome^ter changes 
gradually with time producing small changes in the fixed points. 
It is therefore necessary to redetermine these from time to time, 
so that corrections may be applied for the errors. In this 
country it is usual to mark the lower fixed point first. 

Expt. 149. Determination of the Fixed Points of a 
Thermometer. —(i.) Freezing Point.—Fill a suitable vessel 
nearly to the top with ice in small lumps, and allow the 
spaces between the lumps to become filled with icc-cold water. 
It is better not to drain away the water from the melting ice, 
but too much water must not be allowed to accumulate. 
The whole must be kept well stirred. 

Place the thermometer carefully in the ice so that the bulb 



318 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT- IV 


is in the centre of the vessel, and th('. zero point is just above 
the surface of the ice. Head the lowest point reached by the 
top of tlie mercury column (estimating to one-tenth of a 
degree) while tlic mercury column is still surrounded by the 
ice. If the reading be above zero, the error is called positive; 
if below, negativt*. If the error 1k‘ positive, the col lection to 
be ap})lied to the reading, to give the true temperature, is 
negative. 

(ii.) Boiling Point.—To d(d.ermine the boiling point the 
thermometer is placed in a metal vessel called a hypsometer. 

This is a boiler fitted with a 
doulde-walled steam jacket above 
it. The thermometer is 8Up}»orted 
by a cork fitted into the top of 
the hypsometer in such a way 
that tile upper fixed point is just 
visible above the cork. Care 
must be taken that the ther¬ 
mometer does not fall into the 
hypsometer, as this w'ould prob¬ 
ably result in breakage of the 
bulb. A loop of wire through 
the hole at the top of the stem 
will prevent such an accident. 
The thei’inometer should remain 
in the st(.?am about ten minutes 
before the reading is taken. The 
Avatm* must not be made to boil 
too violently or the pressure of 
the steam in the hypsometer will 
exceed the atmospheric pressure. 
Fig. 167.—HypsoniPter. Kcad the top of the mercuiy 
column to a tenth of a degree. 
Correction for Pressure. — Read the height of the 
barometer in millimetres and determine from the graph 
(Fig. 168) the boiling point corresponding to the observed 
atmospheric pressure. 

Enter in the note-book this, the true boiling point, and also 
the boiling point recorded by the thermometer under test. 
Calculate the error of the thermometer at the boiling point. 

In order to determine the correction required at any tempera¬ 
ture between the freezing point and the boiling point, use a 
graphic method. Take intervals along a horizontal axis to 
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represent intervals on the thermometer scale, and distances 



700 710 720 730 740 750 760 770 780 700 800 

Pressure in mm, of mercury 


Fro. 168.—Variation of Boiling Point with Pressure. 



Fia. 169.—Correction for Tliermometer. 


along a perpendicular axis to represent the correction required. 







320 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. 1\ 


In the diagram (Fig. 169) the correction at the freezing point is 
supposed to be + 0*2° C. and the correction at the boiling point 
+ 0-8° C. 

The correction is the amount that has to be added to the 
reading to give the true temperature. 


§ 3. Calibration and Graduation of a Thermometer 

To obtain equal values for the temperature differences indicated 
by equal movements of the mercury along the tube, it is essential 
that the bore should be uniform ; this is rarely or never found to 
be the case. 

To correct for this the bore must be calibrated by moving a 
thread of mercury along it, and measuring the length of the thread 
in different parts of the tube. 

Expt. 150. Calibration of the Bore of a Thermometer.— 

A 87/iall Hame is allowed to play on the tube at a point 
approximately 10 degrees away from the end of the mercury 
column. This detaches a thread of mercury by boiling the 
mercury just at the point where it is heated, and this thread 
can be used to calibrate the tube. It should be very nearly 
10 degrees in length when detached. The thermometer 
stem is allowed to cool, and the thread is moved by gentle 
shaking till one end is apj>roximately at the 0“ C. mark, the 
bulb being cooled with ether to prevent the thread from joining 
up to the rest of the mercury. The position of each end of 
the thread is then observed with a travelling microscope,^ the 
position being estimated on the scale of degrees of the 
thermometer. This is done by measuring the length of one 
degree in cm. on the scale of the microscope and measuring 
the fraction of a degree from the end of the thread to the 
preceding mark also in cm. The position is expressed to 
of a degree; e,g. 

Microscope Scale reading on 9th degree division = 12*36 cm. 

.) >. lOth „ „ =14-08 cm. 

„ „ „ end of thread =14-00 cm. 


^ The aame kind of estimation can be made if a micrometer eye-piece is used, 
without using the travelling scale ; there is no need to standardise the micrometer 
scale in this case, as only relative values are required. 
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The end of the thread is therefore at 
1.64- 

9 + —~ degrees, i.e, 9*95(3). 

The thread is then moved along until its * lower * end is ap¬ 
proximately where the ‘ upper' end was in the first measurement, 
and the positions of the two ends are again noted. It is then 
adjusted to a third position between 20° and 30° and measured 
again, this being repeated until the upper end is at the H.P. 

The correcitioii is woi'kod out as in the following numerical example :— 


Ist position of thi 

cad from 

-0*03° 

to 

9*79°, 

thread lengtl 

9-82 

2ud 

f9 

,, 

9*85° 

to 

19-93° 

J } 

10-08 

3rd 

1 1 


19*88° 

to 

29*94° 

M 

10*06 

4lli 

f$ 

9$ 

29*98° 

to 

40*12° 

t9 

10*14 

5th 

99 

99 

40-00° 

to 

49*78° 


9*78 

6th 

99 

99 

49*82° 

to 

60*00° 

99 

10-12 

7th 

99 

99 

69*95° 

to 

69-j90° 

99 

9*95 

8th 

99 

99 

70*00° 

to 

80*00° 

9 9 

10*00 

9th 

i9 

9 f 

80*03° 

to 

oo-ir’ 

9 9 

10-14 

10th 

M 

99 

90*06° 

to 

99*92° 


9*86 


Mean length of thread = 9*995, 


i.e. this mass of mercury would occupy 9*995 degrees anywhere tip the scale, 
if the bore and scale were accurately uniform, or would occupy 9*995 mean 
degrees. 

Imagine the thread starting at 0® C. ; its upper end would ho at 9*82® very 
nearly. It should he at 9*995° C. if the bore were uniform. 

The correction to be added to the reading 9*82 is thus ■+ 0*175® C. Call 
this 5jo. If an identically similar thread were then joined on to it, the two 
together would reach to 9*82+ 10*08. They ought to reach to 2(9*995), i.e. 
the correction is 19-99 - 19*90 or +0*09° C. Call this 5^ ; it is the correction 
required iu the vicinity of 20° G. 

Similarly at about 30° the correction is 3(9*995) - (9*82 + 10*08 +10*06) = 
+ 0*026° C. ; and so on. Thus we get 

+0*175 
+0*09 
^30 “ 0*025 

^40 ~ ~ ^*2 
0*096 
-0*03 

^70 — +0*015 
^80 “ +0*01 
-0*135 
6 , 00 = 0*00 

The last value must be zero of course. 

From these observations a correction curve can be drawn, giving the 
amount that has to be added at each point in the scale to correct for 
unevenness of bore and scale. ^ 
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GRADUATION OF A THERMOMETER WITH AN 
ARBITRARY SCALE 

In some cases the scale engraved on tlie stem of a thermometer 
may be entii'eJy arbitrary, so that the readings are not obtained 
directly in degrees centigrade. For example, the stem miglit be 
marked with a scale of millimetres, yet such a thermometer can be 
used to find the temjierature on the centigrade scale. For this 
purpose the thermometer must first be standardised by finding the 
two fixed points by the methods described in the ])revious section. 
Thus it might be found that at the freezing ])oint the mercury 
stands at a point 24 mm. from the bottom of the scale, while at 
the boiling point the mercury stajids at a point 184 mm. from the 
bottom of the scale. If the reading of tlu*. barometer at the time 
of the determination were 7.‘b3 mm. the boiling i)oint would be 99“ Cl 
instead of 100“ Cl. (k>nse(|utmtly the point 24 mm. from the bottom 
of the scale correvS})onds to 0“(1, and the point 184 mm. from the 
bottom (;orresponds to 99“ C. Thus a distance of 160 mm. on the 
scale corres})onds to an interval of 99 centigrade degrees. It is 
then easy to calculate the interval on the centigrade scale for 1 
mm. on the thermometer; in this case 99/160 degrees correspond tc 
1 mm. 

Suppose this thermometer is employed for finding the tempera¬ 
ture of a liquid in a calorimeter (p. 343), and that the mercury 
stands at 64 mm. from the bottom of the scale. Then the mercury 
stands at 40 mm. above the freezing point, and the corresponding 

99 

temperature on the centigrade scale is 40 x = 24-75'’ C, 

Tlie relation between the scale of the given thermometer and the 
centigrade scale can be shown graphically, taking the readings of 
the thermometer as abscissae and the readings of the centigrade 
scale as ordinates. 

Expt. 151. Graduation of a Thermometer with an 
Arbitrary Scale. —Standardise a thermometer provided with 
an arbitrary scale, in the manner described, and use it to 
determine the tenq>erature of the room, and also the 
temperature of the water sui>ply, 

§ 4. Melting Points and Boiling Points 

Expt. 152. Determination of the Melting Point of a 
Solid. —To determine the melting point of a solid such as 
paraffin wax, draw out a piece of glass tube in the flame of a 
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blowpipe so as to form a thin-walled capillary tube. Cut off 
with a file, or glasa-(!utter^s knife, a piece of this tube a few 
centimetres long. The tube must now be filled with the 



Fio. 170.—Melting Point of a Solid. Pi«. 171.—Boiling Point of a Licinid. 


material under investigation by dipping one end into the 
liquid formed by heating a small quantity of the solid in a 
suitable vessel. In most cases the liquid will be drawn into 
the tube by capillary action. The tube must be sealed off at the 
bottom after filling, otherwise the substance will run out when 
melted, or the water will rise up the tube and the solidifying 
point cannot be observed. 

The tube containing the solid substance is now attached to 
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the bulb of a thermometer by elastic bands or fine threads, 
and the bulb is heated cai-efully in a water bath (Fig. 170). 
The reading of the thermometer is noted at the instant when 
the solid in the small tube assumes the liquid state, and 
another reading may be taken by allowing the water-bath to 
cool and noting when the solid reforms. The temperature 
taken for the melting will be somewhat above the true melting 
point, and the temperature for the solidification will be too low. 
The mean must be taken as the true melting point. There 
is, however, a possibility of super-cooling the liquid and in 
such an event the true melting point is not obtained by this 
type of experiment. 

In some cases the capillary tube may be dispensed with 
and a thin film of the solid may be formed round the bulb of 
the thermometer, which is then heated carefully as before. 

See also the experiment on the curve of cooling when a 
liquid solidifies, p. 359. 

Expt. 153. Determination of the Boiling Point of a 
Liquid. —For this determination, place the liquid in a test-tube 
fitted with a cork provided with two holes. A thermometer 
passes through one hole and a glass tube to carry ofi‘ the vapour 
through the other. The t/Cst-tube is hea,ted carefully by a sniall 
flame or a water-bath till the boiling point of tiie liquid is 
reached. In order to prevent boiling with humping^ a few glass 
beads, or short pieces of thin walled capillary tubing (made by 
drawing out a glass tube in the flame of the blow])ii)e), should 
be placed in the liquid. The position of the thermometer in 
the test-tube will d 0 i)end on the li<]uid under test. 

(а) In the case of a pure liquid, the thermometer is used to 
register the temperature of the vapour only, and the bulb of 
the thermometer should not dip into the liquid (Fig. 171). 

(б) In the case of a solution, the temperature of the liquid 
differs appreciably from that of the pure solvent. In order to 
determine the boiling point of the solution^ the bulb of the 
thermometer must be immersed in the liquid. Notice the 
difference between the readings when the thermometer bulb is 
in the solution, and when it is in the vapour above the liquid. 
The solution must be boiling very gently to avoid superheating. 
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§ 1. The Coefficient of Linear Expansion 


The increase in length of a rod produced by raising its tempera 
ture one degree is small compared with the length of the rod, 
and is found to be nearly constant for different temperatures. 

The coefficient of linear expansion of a solid may be defined 
as the ratio of the increase in length to the original length 
for a rise in temperature of one degree. 

Thus, if the original length of the bar is and its length be¬ 
comes when its temperature is raised 1°, the coefficient of linear 
expansion a is given by 


If the length of the bar becomes I when its temperature is raised 
f we may write 



( 1 ) 


Hence 


or 


/ - /q _ 

/=/o(t+at). 


( 2 ) 


It is sometimes convenient to take the original temperature 
of the bar as 0° C.; then 1^ represents the length at O'" C. and f 
represents the temperature of the bar in degrees centigrade 
corresponding to the length /. 

Since the change in length actually observed is small, it is in 
practice convenient to assume that the original temperature is 

825 
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that of the room, and that represents the length of the bar at 
that temperature. In this case it must bo noted that t represents 
the rise of temperature; that is, the difierence between the final 
temperature and that of the room. 

We see from equation (1) that a determination of the coefficient 
of linear expansion involves the, measurement of three quantities, 
the original lengtli, the rise of temjjerature, and the increase in length. 
The only measurement presenting any difficulty is the last. Sinc^e 
the probable error in this measurement is large, it is useless attempt¬ 
ing great a(;curacy in the measurement of the other two quantities. 
(See }). 7.) The original length of the bar should first be determined 
to within 1 part in 1000, and the temperature at which the 
measurement is made be noted. To measure the small increase in 
lengtli wlien the har is heated to a known temperature several 
methods may he employed :— 

1. The increase in length may be magnified by means of a 
mechanical, or an optical, lever (Lavoisier and Laplace) in a known 
proportion. 

This first method is not at all accurate, the magnification factor 
being unknown to within 2 or 3 per cent. 

2. The increase in length may be measured directly by means of 
a micrometer screw. An ordinary spherometer can he employed 
for the purpose. 

3. The increase in length may be measured directly by em])loy- 
ing two micrometer or vender microscopes, one focussed on each 
erul of the bar under test. 

This method has the advantage over the other two in the fact 
that observations are made on both ends of the bar, and no assump¬ 
tion is made that one end of the bar remains fixed throughout the 
experiment. This is essentially the method of Roy and Ramsden. 

Expt. 154. Determination of the Coefficient of Linear 
Expansion. —The following apparatus is an example of the 
second method. The bar to be experimented upon is placed 
inside a steam jacket consisting of a hollow metal (or glass) 
tube through wliich a current of steam can be passed. The 
ends of the bar project slightly beyond the ends of the jacket, 
the joints being made steam-tight by cork or rubber tubing. 
A thermometer is provided to measure the temperature at each 
end of the bar. One end of the bar remains in contact with a 
fixed metal stud; the other end is free to expand. A micro¬ 
meter screw with a divided head (spherometer) is arranged at 
this end so that the axis of the screw coincides in direction 
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with that of the bar. Contact between the end of the screw 
and the end of tlie bar may be detected })y tJie sense of touch, 
or a ratchet micrometer may be used, so as t<^) sli[) as soon 
as contact takes place, but it is preferable to use a simple 
electrical devi(ie to indicate the position of contact. 

One pole of a voltaic cell is ])Ut in connection with the 
micrometer screw ; the other pole is connected throu^^h a simple 
galvanometer with the stud against which tlie fixed end of the 
bar rests. As soon as the point of the micrometer screw 
touches the end of the bar, the circuit is completed and the 
galvanometer needle is deflected. 

Set up the apparatus and determine at the ordinary 
temperature the reading of the micrometer screw when ct)ntact 
takes [)lace with the end of the bar. This adjustment should 
be re})eated several times. 

Now turn the micromMer sere to hack several tnrns to 
allow for expansion. Heat the bar by ]>assing a current 
of steam from a boiler through the jacket, and wait until the 
bar has had time to acquire a steady temperature. Note the 
readings of both thermometers. Again adjust the micronu^ter 
screw to give contact, and take the reading. The reading 
should Ixi re})eated several times. The difference iH^weeu this 
and the former reading gives the increase in length of the bar. 

Calculate from the observations the coefficient of linear ex¬ 
pansion of the bar. 

The third method may be employed to find tlie coefficient of 
expansion of a metal tube. 

Expt. 155. Determination of the Coefficient of Linear 
Expansion of a Metal Tube. —Make two transverse scratches, 
one near each end of a metal tube about one metre long. 
Measure the distance between them at the teanperature of the 
room by setting up two travelling microscopes as in the 
comparison of the Yard and the Metre, Expt. 4. It is 
desirable to set up the microscope stands on a slab of slate, so 
that the distance between them may not be affected when the 
tube is heated. Focus the microscoi)es on the scratches. Pass 
a current of steam through the tul>e. Adjust the tube so that 
the scratch at one end coincides with the cross hair of the first 
microscope, and measure the distance through whhh the second 
microscope must be moved to give coincidcmce et that end of 
the tube. This gives the increase in the length of the tube. 
Calculate the coefficient of linear expansion on the assumption 
that the tube is heated to 100° C, 
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§ 2. The Coefficient of Expansion (Dilatation) of 
A Liquid 


The coefficient of expansion of a licpiid may be defined in 
two distinct ways :— 

1. The Zero Coefficient of Expansion. —The coefficient of 
expansion of a liquid is the ratio of the increase in volume to 
the volume at 0'^ C. produced by a rise of temperature of D C. 

Thus, if Vj be the volume at 1° C., Yq the volume at 0^ C., and 
a the coefficient of expansion, 


If toe (issimie that the substance expands utiiforrnly with rise of 
temperaiure ; that is, that equal changes of volume correspond to 
equal changes of temperature, the volume at any temj^erature 
t is given by 


or 


Ve=Vo(l+aO. 


11. The Mean Coefficient of Expansion between two 
Temperatures. —The mean coefficient of expansion between any 
two temperatures is the ratio of the increase in volume to the 
original volume per degree rise of temj)erature. Thus, if a rise 
of temperature of f change the volume from Y to Y' the mean 
coefficient of expansion is 

V'-V 

\i 


Note that no reference is made here to the original temperature 
being 0° C. 

In the case of a substance like water, which does not expand 
uniformly, this definition is necessary. 


EFFECT OF A CHANGE OF TEMPERATURE ON THE 
DENSITY OF A LIQUID 

Let Y^, denote the volume and density of a given mass of 
liquid at 0'^ C. Then the mass of the liquid is p^. 
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Let V, yo, denote the volume and density at any other 
temperature f 0. Then the mass of the liquid is Yp. But the 
mass is the same at both temperatures. 


Hence 


or 


But 



so it follows that 1 + at^ 

P 

or Po=p(*+a4 

The difference should be noticed between this equation and 
that containing Y. The effect of a rise in temperature is, in 
general, to increase the volume but to diminish the density. 

The coefficient of expansion is given by 


^ Po-P 
a — *——• 

Pt 

In the same way, the mean coefficient of expansion between 
two temperatures and may be shown to be 

Pv5 (^.J ~ ^l) 

where is the density at and density at 


COEFFICIENT OF EXPANSION OF WATER OVER VARIOUS 
RANGES OF TEMPERATURE 

In the case of a liquid, it is much easier to determine the 
variation in densitij than to determine the variation in the 
volume of a given mass of liquid. The method usually adopted 
is to fill a specific gravity bottle up to the mark with liquid 
at various temperatures, and to weigh the quantity of liquid 
present. 

Expt. 156. Expansion of Water by Specific Gravity Bottle 
Method. —In this case the density of the liquid is proportional 
to the weight of liquid filling the bottle. Dry and weigh a 
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specific gravity bottle of about 100 c.c. capacity. Fill the 
bottle to the mark with water at a temperature between 2° C. 
and 7“ C. Weigh the bottle and water. 

Plmpty the bottle, place it in a bath of water and raise the 
temperature to about 20“ C. Fill the lx)ttle with water from 
the bath, adjusting the level of the water to the mark on 
the neck, while the bottle is still in the bath. Take the 
temperature of the bath. Itemove the bottle and water from 
the bath, carefully dry the outside of the bottle, and weigh it. 

Repeat the experiment, adjusting the temperature of the water 
bath to about 40'’ C., 60“ C., and 80“ C., and filling the bottle 
to the mark at each of these tem|>c^ratures. In weighing, the 
bottle and water will cool considerably and the litpiid surface 
will fall below the mark in the neck. No notice need be 
taken of this, l^he liquid in the bottle is the amount ef 
liquid which filled the bottle to th(j mark at the temperature 
of the bath, its 7?ius8 is not altcied by its contraction. 

It is necessary, however, at the high temperatures to weigh 
as quickly as possible to avoid evaporation. There may also be 
an tiiTor due to the upward convection current past the hot 
bottle, and it is therefore advisable to cool the bottle rapidly 
under the cold-water tap before weighing. 

The mass in gm. of the water filling tho bottle at the 
first temperature (between 2° C. and 7“ C.), may be taken as 
numerically equal to the volume of the vessel Vj at that 
temperature, the density of the water being one gram per c.c. 
within the limits of accuracy of experiment over this range of 
temperature. 

Calculate the capacity of the vessel V at each of the other 
temperatures taken, using the expression 

v=v,(i+^C-0). 

being the coefficient of cubical expansion of glass: [3 is 

approximately 0-000025 per 1“ C. 

Find the density of the water at each temperature by dividing 
the mass of water in the bottle by the volume of the bottle at 
that temperature as calculated above. Tabulate the quantities : 
temperature, mass of liquid in bottle, volume of bottle (calculated), 
and density of liquid. 

From the densities at 20“ and C. calculate the mean co¬ 
efficient of expansion of the water between these two temperatures— 

» Mean a to 20“) ~ 
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Calculate also the mean coefficients of expansion from 20 * C. to 
40^" C., 40 ' C. to ()0" C., ami 60° O. to S0° O., by a similar method. 

Plot a curve sliovving the variation of density with lem]>erature 
and also showing the variation of the coefticient of expansion with 
temperature. 

The mean coefficient of ex})ansion from 20° C. to 40“ O. is 
practically the same as the coefficient of expansion at 30° O., and 
so on, 

DENSITY OF WATER AT VARIOUS TEMPERATURES BY 
MEANS OF A GLASS SINKER 

The variation of the density of water with the temperature may 
bo found by observing the weight of a glass sinker in water at 
different temperatures. 

Let Vq denote the volume of the glass bulb at 0° C-, and yS 
the coefficient of cubical exi)ansion of glass. Then the volume 
of the bulb at any temperature f C. will be Y = + /3t). The 

value of /3 for ordinary glass is about 0*000025. 

If pt denote the dmisity of water at t" C., the weight of 
water disidaced by the sinker when completely immersed is 
Ypt-Y^{l+f3t)pt. i^ut this is eipial, in accordance with the 
principle of Archimedes, to the loss of weight in water == W, say. 

Y,{l+/3i)p,^W 

W 

The value of may be determined indirectly by finding the 
loss of weight when the sinker is immersed in water whose 
temperature is approximately 4° C. For temperatures not far from 
4“ C. the density of water may be considered as 1 gm. per c.c., so 
that the volume of the sinker at this temperature is found readily. 

Expt. 157. Determination of the Density of Water at 
various Temperatures by Means of a Glass Sinker. —A 

convenient form of sinker consists of a glass bulb containing 
lead shot. The quantity of shot must be adjusted before 
the bulb is sealed finally so that the sinker is sufficiently 
heavy to sink in water. The bulb is suspended by a fine 
wire from one arm of a sensitive balance. If a chemical 
balance with a closed case is employed, a small hole must be 
provided in the floor of the balance-case through' which the 
wire can pass. Another hole must be made in the shelf on 
which the balance-case rests so that the wire passes freely 


Thus 

and 
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through the two lioles. The sinker is attached to the lower 
end of the wire, and can be immersed completely in a large 
vessel of water which can be heated to any desired tem])erature. 
To diminish the effects of surface tension at the point where 
the wire passes through the surface of the water, the diameter 
of the wire should not exceed 0*1 mm. 

The sinker is first counterpoised in air, then it is immersed 
completely in the water in the vessel and weighed again. The 
difference between the two weighings gives the loss of weight 
in water. The first observation may be made when the 
water is cooled to a temperature of about 4“ C. Then heat the 
bath to 70'’ or 80“ C. and allow it to cool slowly. It is easier 
to regulate the temperature when the bath is cooling, and to 
maintain it at a steady value while the process of weighing 
is being carried on. The flame of a Bunsen burner should 
be regulated carefully by altering its size or its distance 
below the bath so as to keep the temperature steady during the 
observation. Care must be taken to stir the water thoroughly 
between the observations, so that the temperature is uniform 
throughout the mass. Observations of the loss of weight 
and of the temperature, should be made at intervals of 10° 
or 15° C. 

A table should be drawn up giving the density of water at 
different temperatures, and the results should be plotted on sejuared 
paper. 

Calculate the mean coefficients of expansion of water between 
the consecutive pairs of temperatures taken. 


THE WEIGHT THERMOMETER 

The Weight Thermometer is a cylindrical glass bulb, with a 
nock drawn down into a fine tube. This tube is bent round so 
that its open end may dip into a vessel of liquid. The apparatus 
is used for finding the coefficient of expansion of a liquid. It 
is simplest to regard it as an instrument for comparing the 
densities of the liquid at two specified temperatures. 

Let Yq = volume of the thermometer at 0° C. 

= mass of liquid filling it at 0® C., 
pQ = density of liquid at C. 

Let Yti Tilt, pt denote the corresponding quantities at TO. 

Then, if /? is the coefficient of cubical expansion of glass, 
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From the definition of density it follows that 


Hence 


oPo . 


^tpt m* 


Po 

pt 


= - • X 


But it has been proved (p. 329) that 


pt 

where a is the coefficient of absolute expansion of the liquid 
Hence 1 + - --(1 + pt). 

nit 

Solving this equation for a, it is found that 

niti nit 

Notice that no approximations whatever have been made in 
obtaining this result. 

If the expansion of the thermometer bulb be ignored, P = 0, 
and the coefficient of apparent expansion of the liquid is 

- nit 
rritt 

Expt. 158. Determination of the Coefficient of Expansion 
of Glycerin by the Weight Thermometer. —Find the mass 
of the empty thermometer. Fill the thermometer with 
glycerin by heating the bulb cautiously with a Bunseii flame, 
and letting the nozzle dip into a vessel containing some warm 
glycerin. As the bulb cools, glycerin will be drawn into it. 
By repeated heating and cooling the bull> should be filled 
completely with glycerin. When the bulb has cooled to the 
temperature of the room, surround it with a vessel containing 
crushed , ice, still keeping the nozzle in the glycerin. While 
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the bulb is cooling to 0" C., weigh a stnall cup or crucible. 
Kemove the thermometer from the ice, |:)lacirjg the cup so as to 
catch the liquid that escapes. Weigh the thermometer and 
the cup together, and detcnniue the mass of glycerin filling 
the thermometer at O' C. 

Next place the thermometer in a beaker of water and heat 
to the boiling ])oint, allowing the glycerin that is forced out 
to escape, liemove the thermometer, and let it cool to the 
temperature of the room. The liquid will contract, but the 
mass is still the mass of liquid filling the therinomete.r at 
100” C. Weigh the thermometer again, and determine the 
mass of glycerin. 

Calculate the coefficient of apymrent ex}>ansion of glycerin. 
Calculate also the coefficient of absolute ex]mansion, assuming 
the coefficient of ext)ansiou of glass to be known. 

THE VOLUME DILATOMETER 

The Dilatometer consists of a cylindrical bulb to which is 
attached a straight graduated tube. If the volume of the bulb 
up to the first division on the stem is known, and also the 
volume corresponding to a division of the tube, the apparatus 
may be used to determine the coefficient of apparent expansion 
of a liquid. 

Expt. 159. Determination of the Coefficient of Apparent 
Expansion of a Liquid by Means of the Dilatometer. 

—First weigh the empty dilatometer. Then fill it to the 
first division on the stem with a liquid of known density, and 
weigh again. From the mass of liquid thus found, calculate 
the volume of the bulb. Fill the dilatometer to a mark near 
the top of the stem and weigh again. Find the mass of 
liquid filling a definite length of the stem, and calculate the 
volume of this length of the stem. Deduce the volume 
corresponding with one scale division. 

To find the coefiicient of apparent Expansion of a liquid, fill 
the bulb and part of the stem with the liquid, and cool the 
whole to 0” C. by immersing in ice. Read the position of the 
liquid in the stem. Then heat to a known temperature in 
a water bath, and again read the position of the liquid in the 
stem. Calculate the volumes corresponding to these readings. 
Calculate the coefficient of apparent expansion from the 
formula Vt — ¥ 0(1 + at). 
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§ 3. Expansion of Casks 

THE EXPANSION OF AIR AT CONSTANT PRESSURE 

When a given mass of a gas expands under a constant 
pressure, in consequence of a rise of temperature, the relation 
between the volume and the temperature is expressed by the 
equation 

yt=y,ii+ai\ 

where represents the volume of the gas at f C., the volume 
at C., and a is called the eoeffleient of expansion, or the 
eoeffieierit of increase of volume at constant pressure. 

The equation expresses in symbolic form the Law of Charles 
which states that when a fixed mass of gas expands under 
constant pressure, the volume increases by a definite fraction 
of the volume at 0° C. for each degree rise of temperature. 

Expt. 160. Determination of the Coefficient of Ex^ 
pansion of Air at Constant Pressure. —A flask of 300 or 
400 c.c. cai>acity is provided with 
a well-fitting rubber stoj^per through 
which passes a sho/'t length of glass 
tubing. The lower end of tJie tube 
should be flush with the bottom of tlie 
stopper and the up})er end sliould not 
project more than 2 or 3 cm. above tht; 
stopper. A piece of rubber tubing 
about 5 cm. long is fitted to the pro¬ 
jecting glass tube. 

The flask, stopper aud tube must 
be dried thoroughly. This drying may 
be done by washing out with methylated 
spirit, and blowing a current of air 
through the apparatus. The weight Wj 
of the dry flask is next found. 

The flask, with the stopper inserted, 
is then plac‘ed in a can of water which 172 .— Flask heated to 

is heated gradually to the boiling point. the UcUiug Point. 

If the can be fitted with a wire handle, 

the latter will serve to hold the flask immersed in the water 
(Fig. 172). The flask mast be left in the water for at least 

M 
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five minutes after the boiling ])oint has been reached, so that 
the air inside may rea(di tlie temperature of the boiling water, 
which we shall assume to be 100“ C. The rubber tubing is 

then pinched firmly between the 
thumb and finger, and the flask 
is quickly lifted out of the can 
and turned upside down in a 
large vessel containing cold w^ater 
(Fig. 173). As soon as the 
stopper is under the surface of 
the cold water, the rubber tube 
may bo released so that cold 
water may enter the flask. The 
flask must be immersed com 

Fio. m.-Flask in Cold Water. ‘'o’’ neck 

downwards, so that the conteute 
may come to the temperature of the water. Let this tempera 
tiire be C. The flask is then raised till the level of the watei 
inside the flask is the same as the level outside^ i,e, till the 
))ressure of the air inside is the same as the atmospheric 
pressure. The rubber tubing is pinched while this condition is 
satisfied and the flask is lifted out of the water, turned right way 
up, dried on the outside and weighed. Let the weight be W.^. 

Then the flask is filled completely with cold water, the 
stopper is inserted so that the water fills the glass tube, and 
the weight is found. 

The weight of water filling the whole flask is gm. 

But 1 gm. of water occupies 1 c.c. So the volume of the flask is 
Wg — Wj c.c. Now when the flask was in the boiling water, the 
air inside it occupied the whole volume and the pressure was 
atmospheric. 

Let this volume be Vjqq, then 

Vl„o = W3-Wi C.C. 

When the flask was placed in the cold water at C., the volume 
of the air diminished till it became and a little consideration 
will show that 

Vf = W3-W2 C.C. 

This is the case because the air at this lower temperature occupied 
the volume not occupied by the water sucked into the flask. Thus 
we find both and 

But it is necessary to refer the volumes to the volume at 
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0” C. in order to calculate the coefficient of expansion, 
we have two equations 

^100 = ^0 + 100a), 

V,=-V„(l+aO, 

with two unknown quantities. 

Divide the first hy the second, then 
^i ()0 1 + 100a 

“vr "" “iTar’ 


which gives 



from which the value of a may he calculated. 


That is 


THE CONSTANT VOLUME AIR THERMOMETER 


When a definite mass of gas is enclosed in a vessel the 


volume of which remains un¬ 
changed, the pressure exe-rted hy 
the gas on the walls of the vessel 
increases as the temperature is 
raised. The relation between 
the pressure and the tempera¬ 
ture of the gas may he examined 
by means of the apparatus known 
as the constant volume gas ther¬ 
mometer due to Jolly (1874). 

The gas is contained in a glass 
globe A (Fig. 174) which may be 
heated to any desired tempera¬ 
ture by the bath of water, or oil, 
in which it is placed. The globe 
is connected by a glass tube of 
small bore with a mercury mano¬ 
meter for measuring the pressure. 
The manometer consists of two 
fairly wide glass tubes BD and 
EC connected by a length of 
rubber tubing. It contains suffi- 



Fig. 174,—Jolly’s Constant Volume Gas 
Thermometer. 


cient mercury to fill the rubber tube and some part of the wide glass 
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tuBes. The level of tlie merciTiry in BD can be adjusted by raising 
or lowering the glass tube EC until the meniscus just touches tlie 
ti}) of a little glass index fixed inside B near the junction of the 
wide and narrow tubes. 

In using the apparatus, the mercury meniscus in BD must 
occuj)y this di'finite position, in order that the volume of the gas 
enclosed in the globe A and the narrow tube may remain constant. 
The pressure exerted by the gas is e(|ual to that at the level of the 
mercury surface at B. This ])ressure is found by measuring the 
difterence in level between the surface of the mercury at H and 
that of the nuircury in PIC, and taking into account the pressure 
of the atmosi)here on the mercury at E. The atmosphei ic pressure 
at the time when the observations are made, must be found by 
reading the height of the barometer. 

Three points in connection with the mse of the apj^aratus 
require to be emphasised :— 

I. In order to determine the difference in level of the mercury 
surfaces accurately, the apparatus must be so arranged that the 
tubes C and D are quite close to the scale used in measuring the 

level. 

II. The determination of the pressure must be made while the 
temperature of the gas is constant. Great care 7nust he taken to 
keep the bath in which A invinersed at a steady temperature 
while EC is being adjusted, and the reading of tlie difference of 
level of the mercury surfaces is being made. This can be done more 
easily when the temperature is falling than when it is rising, so 
that it is advisable to heat the bath to the highest temperature 
to be used in the experiments and then allow the bath to cool 
slowly. As, however, this takes a considerable time, the bath may 
be heated to one or tw6 degrees above any desired tem];erature and 
then the heater removed. The water is now stirred thoroughly 
until it has cooled to the temperature desired. The adjustments 
are made approximately while the water is cooling, are brought 
rapidly to their exact value, and the reading is taken when this 
tem[)erature has been reached. The whole bath is then heated 
rapidly to a little above the next temperature desired, when the 
same process is repeated. 

The success of the experiment depends on the temperature of 
the gas inside the bulb being exactly the same as the temperature 
of the bath outside, and upon this temperature being determined 
accurately. 

III. When the bath is allowed to cool, great care must be taken 
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that the mercury in BD is not drawn over into the hulh A in 
consequence of the reduction of the pressure of the gas. To 
prevent this, lower tJie tube EC so that the mercury in BI) may be 
well below the to}) of the tube. When the experiment is completed 
the tube EC must always be lowered in this way, 

Exi*t. 161. Vaxiation of the Pressure of a fixed Mass 
of Air with the Temperature as shown by a Mercury 
Thermometer when the Volume is kept constant. —Use a 

water bath to heat the bulb of the air thermometer, 
and a mercury thermometer to take the temperature of the 
water bath. Heat the water to the boiling point, and when 
the temperature has become steady, read the thermometer, 
adjust the mercury in the manometer, and n^ad the level of 
B and E. Then allow the temperature to fall about 20°, and 
again take readings of temperature and pressure. Take a 
series of readings in this way, allowing the temperature to fall 
about 20° between consecutive readings. Or the adjustments 
to the different temperatures may be made while raising the 
temperature, if the precautions mentioned in II. are taken, 
the final temperature being 100° C. 

Kecord the results as follows :— 

Height of Barometer = . . . 

Level of Index Mark at B= . . . 


Temptirature. 

Level of E. 

Dill'ereiico of Level, 
E- B. 

Pressure in A. 






The relation between the pressure of the air and its temperature 
must now be represented graphically, taking the pressure as the 
ordinate and the temperature as the abscissa. The points so 
obtained should fall nearly on a straight line. Draw a straight 
line passing through the points so that there are about as many 
points above the line as below it. Find from this line, which may 
be taken to represent an average of the experimental results, the 
pressures corresponding to two chosen temixjratures t-^ and t^* 
Let these pressures he and jOg- 

Then, if a denote the coefficient of increase of pressure of a gas 
with temperature, we may write 
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P-x =/'o(l + 

We can eliminate by dividing one equation by the other, and 
so obtain 

V\ — “^1 

Solving for a we get 

P 2 -P 1 

Calculate the value of a by means of this equation. 

We may, if we please, select as the chosen temperatures — 0" C. 
and 100“ C. Find from the graph the corresponding })ressuros 

and and calculate a from the equation 

To do tliis the graph must bo extended beyond the lowest tempera¬ 
ture used, the pressure being obtained by extrwpolaiion. 

Expt. 162. Determination of the Temperature of the 
Melting Point of a Substance by means of the Constant 
Volume Air Thermometer. —In tins experiment no mercury 
thermometer is to be used, but the scale of temperature defintul 
by the constant volume air thermometer is to be employed. First 
determine the * fixed points ’ of the thermometer. Determine 
the lower fixed point by observing the pressure of the air in 
the bulb wheu the surrounding bath contains melting ice. 
Let this pressure l)e p^. Determine the upper fixed point by 
observing the pressure of the air in the bulb when at the 
boiling point. Strictly speaking, it would be necessary to 
surround the bulb with steam from i)ure water boiling under 
standard pressure to obtain this point accurately. For the 
present purpose it will suffice to surround the bulb with 
boiling water in the water bath. Let the corresponding 
pressure be 

Then jOjoj + alOO). 

The value of a can thus be found by direct experiment. 

Now adjust the temj)erature of the water in the water bath 
till it is equal to that of the melting point of the solid. For 
this purpose a small quantity of the solid may be placed in a 
thill-walled test-tube, which may be immersed in the water 
bath. Eead the pressure p corresponding with this temperature. 
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Then on the scale of the constant volume air thermometer 
we have 

7<=7>o(J +al), 

where t is the tenijx;rature to he determined, and a has the 
value already found experimentally. 

Calculate the temperature t from this ccjuation. 

The results of experiments on gases expressed in the laws of 
Boyle and of Charles may be combined in the single expression 

PV = RT, 

where P denotes the pressure, V the volume of a given mass of 
gas, and T is the absolute temperature, i.e. the temperature 
reckoned from 273'^ C. below the freezing point on the centi¬ 
grade scale. 

R is a constant generally known as the gras constant. 

This expression should be employed in dealing with calcula¬ 
tions with regard to gases, except when the gas coefficient a has 
to be determined from experimental observations. 

If unit mass of gas be considered, V= 1/p, where p is the 
density of the gas, and the gas equation may be written 

P//> = RT. 

In this equation R is the gas constant reckoned for 1 gm. of gas. 

The gram-molecule (or the mole) of any substance is a mass 
of that substance containing as many grams as there are units 
in the molecular weight of the substance. The volume of one 
gram-molecule of gas at normal temperature and pressure is 
22412 c.c. The atmospheric pressure corresponding to 760 mrn. of 
mercury at 0° C., lat. 45“, and sea level is 1,013,200 dynes per 
sq. cm. Hence the gas constant for 1 gram-molecule is 

R=%X« 

T 

_ 101.3200x22412 
273T 

= 8*315 X 10" erg. deg."^ gm.-mol.“^ 

= l 'y87 cal. deg.“* gm.-mcl.“^ 

To find R for 1 gram of a gas, this figure must be divided by 
the molecular weight of the gas. 
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CALORIMETRY 

§ 1. Measurement of Quantities of Heat 

The subject of calorimetry deals with the measurement of 
quantities of heat. The unit quantity of heat is that quantity 
which is required to raise the temperature of unit mass of water 
one degree. The unit generally employed in scientific work is 
the calorie, which may be defined as the quantity of heat 
required to raise the temperature of 1 gm. of water 1°C. 
at some specified temperature. This quantity is nearly, but not 
exactly, the same at different temperatures, between 0° C. and 
100°C., e,g, the 15° calorie is about 1 part in 1000 greater than 
the 20° calorie. In what follows these small variations will be 
ignored. The number of calories required to raise the tempera¬ 
ture of in gm. of water from C. to C. will then be 

H = -1^). 

A certain quantity of heat is required to raise the temperature 
of a body 1° C.—this quantity is called the thermal capacity 
of the body. The quantity of water which requires the same 
amount of heat as a certain body to raise its temperature 1° C. 
is called the water equivalent of the body. The water 
equivalent in grams is numerically equal to the thermal capacity 
in calories per ° C, 

If the water equivalent of a body be w gm., then the heat re¬ 
quired to raise the temperature of the body from C. to C. is 

342 
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The thermal capacity of unit mass, or the specific heat, 
of a substance is the number of calories required to raise 
the temperature of 1 gm. of the substance l^'C. If the 

specific heat of a substance be denoted by s calories per gram 
per ° C., the heat required, tc raise the temperature of 7/1 gm. 
from 0. to ^ 2 ° is 

H =iiis(4- t^). 

This is the fundamental equation in connection with the 
measurement of quantities of heat. 

Comparing this with the preceding equation, we see that the 
water equivalent w — 7ris. Hence the water equivalent of a body 
can be calculated as the product of the mass of the body and 
the specific heat of the substanca 

CALORIMETERS 

A vessel adapted for the measurement of quantities of heat 
is termed a calorimeter. It should be arranged so as to avoid, 
as far as })Ossible, transference of heat to or from external bodies. 
Sucli transfcTence can take jdace by conduction, convection, or 
radiation. To avoid conduction of hecit, the calorimeter is supported 
by some bad conductor of heat, such as felt, cotton wool, cork, or 
ebonite. To avoid convection currents, the vessel is sometimes 
l)acked in cotton wool or surrounded by a vacuum jacket. To 
prevent transference of heat by radiation, usually the calorimeter is 
su])ported in an outer vessel, the outside of the inner vessel being 
brightly polished to diminish the emissivity, and the inside of the 
outer vessel being polished brightly to increase the refiectirig power. 

A Dewar^s vacuum vessel (thermos fiask) is a convenient calori¬ 
meter for some experiments, but as the glass does not all acquire 
the same temperature, there is some difficulty in deciding what 
value to take as its thermal capacity. 

§ 2. Determination of the Specific Heat of a Solid 

Expt. 103. Simple Methods of determining the Specific 
Heat of a Solid. —A known mass of the solid is heated to a 
definite temj)erature and then placed in a known mass of 
water at the temperature of the room. The solid and the 
water finally attain a common temperature, which is observed. 
The specific heat of the solid can then be calculated. 

M 2 
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The solid should be weighed first of all, so that the other 
weighings can be carried out while the solid is being heated. 
If the solid is a lump of metal, attach to it a tine thread or 
wire, and lower it into a can of water which can be heated to 
the boiling point. If the solid is in fragments (e.r/. lead shot 
or brass filings) place the fragments in a test-tube of glass or 
thin metal and heat t})is in the l>oiling water. The solid must 
be left in the boiling water for a sutlicient time for the whole 
to reach a steady tem]>erature. 

While the solid is })eing heated, weigh a calorimeter (with 
its stirrer) and weigh it again when about two-thirds full of 
water. Observe and record the tem}>erature of the w\ater. 

When the temperature of the solid has reached that of the 
boiling water, transfer it as (juickly as possible to the calori¬ 
meter. In the case of the fragments, the test-tube is lifted by 
a suitable handle and tilted so that the fragments fall into the 
calorimeter. Stir tlie Avater in the calorimeter and observe 
carefully the highest tem}>erature recorded by the thermo¬ 
meter. In the case of the solid lum]>, a small quantity of 
water is unavoidably transferred to the ciilorimeter when the 
lump is lifted by the thread and placed in the latter vessel; 
and tliis introduces a serious error. 

The following example illustrates the method of entering the observations 
and calculatiug tlie result:— 

Exam'plc. —Determination of the specific heat of lead sljot. 

Mass of lead shot =200 gm. 

Mass of calorimeter and stirrer =40*0 gin. 

Mass of calorimeter, stirrer, and water =252*2 gni. 

Mass of water =212*2 gni. 

Initial temperature of shot =100° C. 

Initial temperature of water, = 15*0° C. 

Final temperature of water and shot, t 2 =17*3° C. 

“We assume that the heat given out by tlie solid in cooling from 100° C. to 
the final tenijrerature is exactly equal to the heat taken in by the water 
and the calorimeter when their temperature rises from ti to 

If s is the specific heat of the solid, the heat it gives out is 
200 xsx (100-4) calories. 

The ‘ water equivalent ’ of the calorimeter is equal to its mass multiplied 
by the specific heat of the material (0*095 say) 

= 40 X 0*095 = 3*8 gm. 

The total water equivalent (including both calorimeter and water) 

= 212*24-3*8 gm. 

= 216 gm. 
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Thej lieat taken in by tlie water and tlic calorimeter 
= 216 X (17*3- 15) 

= 496*8 calories. 

Wo next write down an e(juation expressing the fact ihat the heat given 
ont by the solid is e(pial to the heat taken in by the water and the 
calorimeter. 

200 X .9 X (100- 17*3) = 406-8 
s = 0*03 calories per gni. per 1“ C. 


REGNAULT’S APPARATUS 

For the accurate determination of the speeific heat of a solid 
an ap]»aratus of the type designed by Kegnaiilt may be eni[doyed. 
Tlie chief points kej)t in view in the design of this apparatus 
were the heating of the solid to a hxed tem])erature without 
contact with moisture, the ra 2 )idity of transference from the heating 



Fig. 17«.—Uegnault’s Ax)paratu8. 


chamber to the calorimeter, and the protection of the calorimeter 
from the heating chamber during the other parts of the experiment. 

The solid at A (Fig. 175) is heated inside a double-walled steam 
jacket, through which a current of steam is i>a§sed from a boiler. 
The boiler and the outlet i)ipe must be arranged so as not to 
radiate heat to the calorimeter C, which is shielded from the steam 
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heater by a sliding wooden shutter D. While the solid is being 
heated the upper end of the chamber is closed by a cork through 
which passes a thermometer reading to 100“ C., and the lower 
end is closed by part of the wooden platform E. The solid, which 
should be place^d in conhict with the bulb of the thermometer, is 
suspended by a line thread held in position by the cork. In the 
cavse of a metal it is convenient to use a wire bent into the form of 
a helix. 


Expt. 1C)4. Begnault's Apparatus for the Specific Heat of 
a Solid.—As it requires a long time for the solid to attain a 
steady temperature, the first operation, after arranging for a 
supply of steam, should be to weigh the solid and to suspend 
it in the lieating chaml>er. Then the inner vessel of the calori¬ 
meter should be weighed, and filled about three parts full of 
water, after whi(;h it is weighed again to determine the mass 
of the water. It is then placed in pOKsition in the outer metal 
vessel, which is further protected by the wooden box. A 
sensitive thermometer is used to determine the temperature of 
the water in the calorimeter as accurately as possible. The 
solid should be allowed to remain in the heating chamlx?r for 
at least five minutes dfler the ternpe7'ature shown hy the thermo¬ 
meter in the cJuwiher has become steady, Tlie whole process of 
heating the solid will take probably from twenty to thirty 
minutes after steam has commenced to pass. 

When this steady temperature has btien recorded, the heat¬ 
ing chamber is swung round till it comes above the hole in 
the platform E. The shutter D is raised, and the box F 
containing the calorimeter is pushed into position so that the 
inner vessel of the calorimeter is exactly underneath the hole 
in the platform. The solid is lowered quickly into the calori¬ 
meter without splashing, the box F is withdrawn, and the 
shutter is lowered. The temperature of the calorimeter is 
observed carefully and the highest temperature reached 
recorded. In an accurate determination a cooling curve 
would be plotted in order to determine the correction necessary 
to allow for loss of heat by radiation (p. 348). 

From the observations the sjjecific heat can be calculated exactly 
as in the simpler experiment on p. 344. 

Let m = the mass of the solid. 

8 = the unknown specific heat. 

€ ~ the mass of the calorimeter. 

M — the mass of water in the calorimeter. 
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Sj = the specific heat of the material of the calorimeter- 
^==the temperature of the hot solid. 

— the initial temperature of the calorimeter. 

= the final temiierature of the calorimeter. 

Then the heat given out by the solid in cooling from t to 
— ms{t — 

The heat taken in by the water and the calorimeter in changing 
in temperature from to 

= (M + CSj)(«2-^). 

Assuming these quantities of heat to be equal, 
ms{t - = (M + csj )(<2 - <i), 

an o(]nation from which the value of s can be determined. 

The student should not attempt to remember an equation of 
this kind, but should obtain the result in any particular case from 
first principles. 

§ 3. Determination of the Specific Heat of Liquids 

The specific heat of a liquid may be determined by the method 
of mixtures in several ways. 

Expt. 165, Detennination of the Specific Heat of a 
Liquid, using a Solid of known Specific Heat. —The solid 
must have no chemical action on the liquid. 

This determination is carried out in exactly the same manner 
as that of the specific heat of a solid (Expts. 163 and 164), 
using the given liquid in place of water in the calorimeter. 

Let ^2 denote the specific heat of the liquid, M its mass, then 

ms{t - < 2 ) = (MSj, + es,)(«2 - <i), 

where the other symbols have the meaning previously assigned to 
them. 

Expt. 166. Detennination of the Specific Heat of a 
Liquid by Eegnault’s Method. —The specific heat is determined 
by running the hot liquid into a thin-walled metal vessel placed 
ill the water in the calorimeter, or conversely by running hot 
water into a thin-wailed metal vessel placed in the given liquid 
in the calorimeter. Since the mixture of two liquids at the 
same temperature often results in the evolution of heat through 
chemical action, the two liquids should not, as a rule, be brought 
into direct contact. 
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Expt. 167. Determination of the Specific Heat of a 
Liquid by the Method of Mixtures. —A more convenient 
method is to heat the Ji<jnid in a small thin-walled glass Bottle, 
or metal cylinder,^ closed by a cork through which i)asses a 
thermometer. Tlie heated bottle, after its temperature has 
been determined, is transferred to the calorimeter. The bottle, 
held by the stem of the thermometer, may be used as a stirrer. 
A second thermometer is used to determine the tem}»erature of 
the water in the caloriim^ter, Tlie final temperature is taken 
as the mean of the readings of the two thermometers when 
they difier by only one degree or less. The water ecpiivalent 
of the vessel containing the liquid must of course be taken 
into account, as well as the water ecjuivalent (d the C4^ilorimeter. 

Expt. 168. Determination of the Specific Heat of a 
Liquid by means of the Calorifer. —Tlie calorifer resembles 
a mercury thermometer with a large bulb. There are, however, 
only two marks on the stem. By heating the calorifer in 
boiling water the mercury rises above the upper mark. I^lie 
calorifer is removc'd from the boiling water, dried, and jilaced 
in a weighed (quantity of liquid in the calorimeter at the instant 
when the mercury reaches the upjier mark. It is left in the 
calorimeter till the mercury sinks to the low^er mark, wdien it 
is at once nnuoved. The rise of tempei’ature of the liquid in 
the calorimeter is measured by a •'■ensitive thermometei-. The 
same operation is then repeated, using a known weight of water 
in the caloi imeter. Since exactly the same quantity of heat 
IS transferred by the calorifer to the calorimeter in the two 
experiments, it is easy to calculate the specific heat of the 
lic^uid. The method of calculation is left as an exercise for 
the student. 

A descrijition of the determination of the specific heat of a liquid 
by the method of cooling will be found on p. 360. 

§ 4. Method of correcting Calorimetric Observations 
FOR Radiation 

For accurate calorimetry, the calorimeter should be enclosed in a 
double-walled metal vessel, between the walls of which water is 
placed. By this me^ns, the calorimeter is enclosed in constant 
temperature surroundings, and the radiation may be assumed to be 

^ Thin-walled aluminium cylinders are obtainable which are suitable for this 
purpose. 
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proportional to the difference between the temperature of tlie calori¬ 
meter, and the tcnnperature of the surrounding enclosure. 

The ttmiperature of the calorimeter is taken every 30 s(;conds 
before and after the experiment as well as during the experiment 
itself, and a curve showing the temperature variation with time is 
plotted. 



Fia. 176.—Correction Curve. 

At the highest temperature reached, the rate of fall of temperature 
is determined from the curve; let this be x degrees per minute, the 
highest temperature being t degrees above the surroundings. 

Divide the curve into one-minute intervals, starting from the 
instant when the hot body was dropped into the calorimeter, and 
take the temperature at the middle of each of these intervals as the 
mean temperature during that minute. Let these temperatures be 
respectively degrees above the temperature of the enclosing 

vessel. 
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During the first minute, heat was lost corresponding with a mean 
temperature excess of degrees. If this heat had been retained, 
the temperature at the end of the first minute would have been 

liigher than the temperature actually reached by an amount 

During the second minute the heat lost would correspond with 
a loss of temperature a *2 

The temperature at the end of the first minute is degrees too 
low, during the second minute there is a further loss of ^^2 degrees, 
so that the temperature at the end of the second minute is 
degrees too low, due to the cooling in the two minutes which have 
elapsed since the hot body was introduced. 

Similarly, the correction to bo added at the end of the third 
minute is Xj-hXo + and so on. By adding on these corrections 
to the curve plotted, a now curve will be obtained, giving the 
temperatures that would have been reached if there had been no 
radiation losses ; this curve will be horizontal at the end of the 
experiment, the ordinate of the horizontal portion being the cor¬ 
rected temperature. 

If desired, /iu(/-niinute intervals may be taken, the correction 
being added on every half - minute instead of every minute as 
described. 


§ 5. Latent Heats 

DETERMINATION OF THE LATENT HEAT OF WATER 

Latent Heat of Fusion of Ice,—The quantity of heat re¬ 
quired to change one gram of ice from the solid to the liquid 
form without change of temperature is called the latent heat 
of water, or the latent heat of fusion of ice. 

When small lumps of dry ice are added to a known mass of 
water in a calorimeter the ice is melted, becoming water at 0^ C., 
and the ice-cold water abstracts heat from the warm water and 
calorimeter, until an equilibrium temperature is reached. 

If the calorimeter at the commencement of the experiment is at 
the temperature of the room, it will be cooled below that temperature 
by the addition of ice, and so will be gaining heat by radiation 
throughout the experiment. 

To avoid error due to this cause, it is advisable to warm the 
calorimeter and the contained water to about 5° above the temperature 
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of the room, and to add sufficient ice to cool it through the same 
number of degrees below the temperature of room. I'lie loss of 
heat during the first half of the experiment will then about balance 
the gain during the second half, provided the second half of the 
experiment does not require much longer time than the first half.^ 

Expt. 1G9. Determination of the Latent Heat of Fusion 
of Ice. —First weigh the calorimeter with the stirrer. Intro¬ 
duce from 100 c.c. to 200 c.c. of water and weigh again. 

The (lilferenc.e between these two weigliings gives the 
mass of water in the calorimeter. 

Warm the calorimeter to about 5® above the temperature 
of the room, by placing it in a vessel of hot water. 

Dry the outside of the calorimeter, and j)lace it in a larger 
copper vessel, supporting it on felt, cotton wool, or cork so as 
to avoid transference of heat by conduction. Observe the 
temperature of the water with a sensitive tljermometer 

Dry some small pieces of ice by means of a cloth or blotting 
paper and add them gradually, keeping tlio water in the 
calorimeter stirred. Continue adding the ice until the tem- 
jjcrature has fallen about 5” below the temperature of the 
room. Observe the lowest temperature reached after all the 
ice has melted. 

Weigh the calorimeter again, and so find the mass of ice 
added. 


Tlic following example illustrates the method of entering the observa¬ 
tions and calculating the result:— 


Example.—M ass of calorimeter with .stirrer 


,, water 

,, calorimeter and water and ice 

,, ice 

Tenii)erature of room 
Initial temperature of water, 


Final 




= 40*0 gm. 
and water = 240*0 gm. 

= 200 *0 gm. 
= 262-9 gm. 
= 22*9 gm. 
= 15*0'’ U. 

= 20*0“ C. 

= 10 - 0 ° 0 . 


We have to express the fact that the heat given out by the water and 
calorimeter in cooling from to 1® equal to the heat required to melt the 
ice and raise the temperature of the water produced from 0® to 


^ This method of avoiding error cannot be applied satisfactorily if tlie 
temperature of the room is very low, or if, as sometimes happens in tropical 
countries, the cooling would result in the temperature being reduced much below 
the dew point. In such cases it would be preferable to start with the temperature 
above that of the room, and finish when the temperature is about the same as that 
of the room, applying a correction for the heat lost by radiation by the method 
on p. 348. 
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Tlio ‘water equivalent’ of tlic calorimeter (iiieludiug the stirrer) is 
c(jual to the mass of the calorimeter multiplied by tlie specific heat of 
co2)per (0*095) 

==40x 0*095^3*8 gm. 

Heat given out by water 

— mass of water x fall in tcm]»erature 
= ‘i00 X (20“- 10") 

— ‘2000 units of heal, calorics. 

Heat given out by calorimcte,r 

— watitr equivalent of calorimeter x fall in temperature 
= 3*8 X (20"-10") 

= 38 calories. 

Total amount of lieat given out 
= 2038 calories. 

H(iat required to melt 22*9 grams of ice 
= 22*9 X L calorics, 

whore L is the latent neat of water, lhat is, the number of calories required 
to melt 1 gram of ice. 

Heat required to raise 22*9 grams of water from 0" to 
= 22*9 X calories 
= 229 calories. 

We write down an tjquation expressing the fact that the total amount of 
heat given out = total amount of heat absorbed; and from this equation 
find the value of L. 

Thus 2038 = 22*9 x L + 229 
22*9 L=1809 

L = 79 heat units on the (jcntigrade scale per gram of ioe 
= 79 calories per gram. 

DETERMINATION OF THE LATENT HEAT OF STEAM 

Latent Heat of Steam.—The latent heat of steam, or the 
latent heat of vaporization of water, is the amount of heat 
required to convert 1 gm. of water into steam without 
change of temperature. 

When steam from a boiler is passed through a known mass 
of water in a calorimeter, some of the steam is condensed and 
the final temperature of the water is raised above its initial 
temperature. From the observed rise of temperature and the 
mass of steam condensed, the latent heat of steam can be 
calculated. 

If the water in the calorimeter is at the temperature of the 
room at the beginning of the experiment, it will lose heat by radia- 



sH. in 


CALORIMETEY 


35S 


tion as soon as its temperature is raised above tliat of surrounding 
objects. This would tend to give too small a value for the latent 
heat. 

The error due to this cause may be reduced by commencing the 
experiment with the tcunperature of the water as much below tlie 
temperature of the room as it is above the temperature of the room 
at the end of the experiment. The error may also be diminished 
by making the duration of the heating as short as ijossible. For 
this purpose the steam should be made to issue from tlie nozzle in 
a ra})id stream. A screen may be placed between the boiler and 
the calorimeter to prevent radiation of heat (Fig. 177). 



To obtain an accurate result the steam must be dry, that is, 
free from condensed water, A well-designed water tra]> may l)e used 
to remove as much of the condensed water as i)ossible. The rubber 
tube connecting the boiler to the water trap should be short: it 
may be lagged with cotton wool. 

The importance of having the steam dry will be realised from 
the fact that carrying over 1 gm. of water with tlie steam intro 
duces an error equivalent to about 500 calories. 

Expt. 170. Determination of the Latent Heat of Steam. 

—First see that the boiler contains a sufficient quantity of 
water, then begin to heat it by means of a gas-burner. 

The calorimeter is made in two parts, an inner and an 
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outer vessel. Weigh the inner vessel, and fill it about two- 
thirds full with water. 

Add small pieces of ice till the temperature of the water 
has fallen to about 5“ C. Then weigh the inner vessel with 
its contents accurately. 

Note the temperature of the room and again read the 
thermometer in the calorimeter. Estimate the temperature 
at which the experiment ought to be finished. For example, 
if the temperature of the room is 15^ C., the final temperature 
should be about 25° C. 

Eemove any water drops adhering to the nozzle of the 
delivery tube. Pass a rapid current of steam ^ into the water 
in the calorimeter, at the same time thoroughly stirring tlie 
water so as to ensure uniformity of temperature. When the 
temperature has risen to the desired point, remove the calori¬ 
meter as quickly as possible from the neighbourhood of the 
boiler, and observe the highest temperature recorded by the 
thermometer. 

Weigh the calorimeter again in order to determine the 
amount of steam condensed. 

Kead the height of the barometer. 

For the standard pressure 760 mm. the temperature of 
steam is 100° C. Near this pressure an increase of pressure 
corresponding to 26*8 mm. of mercury raises the boiling point 
one degree C., and for small changes the rise in the boiling 
point is proportional to the change in pressure. Hence the 
temperature of steam corresponding to the observed pres¬ 
sure may be calculated. As, however, the temperature thus 
found differs but little from 100° C., the error introduced by 
taking the temperature of the steam as 100° 0. is inappreciable 
compared with other unavoidable experimental errors. 

Enter the results as follows :— 

Mass of calorimeter = 160*0 gm. 

,, calorimeter and water =684*2 gm. 

water =524*2 gm. 


^ In this experiment the nozzle must not be immersed in the water : it should 
be placed with its end only the slightest amount below the surface, so that the 
water suri'ace is blown away from the end of the nozzle and the steam merely 
j)lays on the water surface. If the nozzle is put right down into the water tlie 
steam may condense too rapidly, when the water will be sucked up into tlie 
steam trap and the whole experiment spoiled. No error is introduced by 
escaping steam ; the steam which escapes does not condense in the water, so 
that its latent heat is not given up, nor is its mass included in the mass of 
steam condensed. 
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Mass of calorimeter and water and steam--704 • 4 gnu 
,, steam condensed = ‘20»2 grn. 

Initial temperature of water ti C. — 6*2'' C. 

Final temperature of water C. = 28*G'" C. 

Barometric height =758 mm. 

Temperature of steam T® C. =100° C. 


Calculate' the ‘ water equivalent ’ of the calorimeter. The 
total water equivalent is obtained by adding tlie mass of water in 
the calorimeter to the water equivalent of the calorimeter. If this 
is multiplied by the rise of temperature, we obtain the 

amount of heat absorbed by the calorimeter and the water in it. 
This is expressed in calories. 

Now consider the heat given out in condensing the steam and 
in lowering the temperature of the resulting water. 

Heat given out in condensing the steam 

= mass of steam condensed x L 
= mass of condensed water x L 
= 20-2 gni. X L. 

Heat given out in lowering the temperature of the resulting 
water from T“ to 

= mass of steam x (T - 
= 20-2(100-28-6) calories. 

Assuming that there is no loss or gain of heat by radiation, 
the sum of these two quantities must equal the heat absorbed by 
the calorimeter and the water in it. 

This gives a simple equation from which L may be determined. 


Water Equivalent of a Dewar Flask 

This method of finding the water equivalent of a Dewar flask is 
due to Dr. L. F. Richardson of Westminster Training College. 
The directions apply to a pint size (half-litre) flask. Take the tem¬ 
perature (^|) of a known quantity (about 50 c.c.) of cold water. 
Fill the flask about three-quarters full with hot water and close 
with a well-fitting cork through which a thermometer passes. Turn 
the flask upside down and roll the water round inside it to ensure 
uniform temperature throughout the interior. Accurate results 
depend on the care with which this is done. Note the tempera¬ 
ture t.y Pour away the hot water and quickly pour in the known 
quantity of cold water. Replace the cork, and, after again shaking, 
observe the resulting temperature From the above data the 
water equivalent of the flask can be calculated. The flask may be 
used for determining the latent heat of water or that of steam. 
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§ 1. The Law of Cooling 

When a hot body is j^laced in an enclosure kept at a constant 
temperature, the temperature of the hot body will fall till at 
length it becomes equal to that of the enclosure. If the body be 
supported in such a way that the transference of heat by con¬ 
duction can be neglected, the cooling process will be due partly 
to radiation and partly to convection. If the effect of convection 
currents be eliminated, as ])y carrying out experiments in a 
vacuum, the radiation is found to be proportional to the fourth 
power of the absolute temperature. This is known as Stefan’s 
Law. 

In the ordinary case in which a hot body cools in air at 
atmospheric pressure, t he rate of cooling is found to be pro^ 
p ortional to the diiferenee between the temperature of the 
b ody and that of its surroundings^ This is known as Newton’s 
Law of Cooling . Recent experiments have shown that the law 
is approximately true within fairly wide limits of temperature, 
when the cooling takes place both by convection and by radiation. 

Expt. 171. Determination of the Rate of Cooling at 
different Temperatures. — To illustrate Newton’s law of 
cooling, support a small thin-walled metal Vessel inside a 
larger one, in such a way as to reduce as far as possible trans¬ 
ference of heat by conduction. Nearly fill the small vessel 
with hot water at a temperature of about 80“ C. Take readings 
of the temperature of the water at intervals of half a minute 
until the temperature has fallen to within about ten degrees of 
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the teinijerature of the room. Plot a graph with tlic tempera¬ 
ture as ordinate and the time as ahscdssa, taking care tliat tlio 
curve is drawn sviooildy through the ohserved points (Fig. 178). 
This cooling curve will he stee]> at first, hut will hecome ](\S8 
steep as tlie temperature ap[)roa(;hes that of the room. Draw a 
liorizorital line on the squared paper to rej)rcsent the tempera¬ 
ture of the room. 

To find tlie rate of (Pooling, or tlie i*ate of change of tempera¬ 
ture, at any ])artieular tenqajrature eorres]>onding to a point P 
on the gra])h, draw a tangent to the curve at this point. Care 
must he taken in drawing tins lino so that its direction may 
represent as accurately as possible the direction of the curve at 
the point. 

Let the tangent meet the vertical axis at A and the horizontal line 
representing the tem[)(u*ature of the room at P. Then the rate of 
change of temperature is y ^ 
given by the slope of this 
line, that is, the tangent 
of the angle ABC or 0, 

Measure the lengths AC 
and CB, and calculate 
tail which is equal to 
AC/BC. The difference 
between tlie tempcTaturo 
of the body and that of 
the room is represented 
by PN. Determine this 
difference of temperature. 

Then according to 
Newton’s law of cooling, 
tan the rate of cooling, 
should be proportional to 
PN, the difference of tem¬ 
perature. That is, tan B cx PN, tan B — A-PN, or tan ^/PN = Z’, a 
constant. 

Determine this quantity for at least three i)oints on tlie graj)]!, 
selecting the points so as to represent fairly different ])ortions of 
the complete curve, and notice whether the result is approximately 
constant.^ 

1 Since tan B = PN/NB, tan ^/PN = 1/NB. 

Hence if tan ^/PN is a constant, NB must be a constant. 

This gives a simple graphical method of testing tlie truth of the law. Measure 
the length of the line NB for the different points considered, and notice whether 
' this length is approximately constant. 
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Find tlie difference between the greatest and the least value of 
th(j results obtained, and calculate the percentage difference. 

Wlieii ono quantity vaihsa witli anotlnir in such a way that the rate of 
clniugo of the first quantity with regard to Uie second is ])ro[)ortional to tine 
first quantity, then the variation is said to obey tlie logarithmie, or ex¬ 
ponential, law. 

This is the ease when a sum of money accumiilaieH at cjompound interest, 
but then the quantity is continually increasing while in the question now 
under consideration the temperature of the hot body is continually dimiinsli- 
ing. If we plot the logarithm of the excess of temperature (above the room 
temperature) against the time, the result should be a straiglit line. Students 
who have an elementary knowledge of the differential calculus may then 
verify Newton’s law as follows. If the graph in question is a straight lino 

log E - log e = at, 

where c is the excess at time t, E is the initial excess when ^ = 0, and « is a 
constant. 

Differentiating, 

1 de 

— — _ ct 

e at 

de 

that is, the rate of fall at time t is proportional to the excess at this time t. 


§ 2. Curve of Cooling when a Liquid solidifies 

In the last experiment, Newton^s Law of Cooling was illustrated 
6y the cooling ot a thin-walled metal vessel containing hot water. 
The results obtained in such an experiment are modified in a 
characteristic way when the liquid in the vessel passes through 
the temperature at which solidification occurs. 

In the present experiment, a substance may he used having a 
melting point above the ordinary atmospheric temperature, but 
below 100° C. For instance, naphthalene, stearin, or paraffin vrax 
of good quality may be employed. If the substance at the 
beginning of the experiment is in the liquid state, and the vessel 
is allowed to cool, the temperature falls regularly until the 
point of solidification of the liquid is reached. Then, as each 
successive portion solidifies, it gives up its latent heat, and so 
nrevents the temperature from falling. The temperature therefore 
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remains approximately constant till the whole of the substance has 
solidified. From this time the temperature again diminishes 
regularly, till at length the solid reaches the temperature of the 
room (Fig. 179). 



Fig. 179.—Cooling Curve showing Melting Point of Naphthalene. 


Expt. 172. Determination of the Melting Point by a 
Cooling Curve. —The small metal vessel containing the sub¬ 
stance to be examined is heated carefully by plunging it in a 
vessel of hot water, till the whole of the wax has melted and 
reached a temperature of not more than 80* C. or 90" C. 

The small vessel is then supported inside a larger, and 
readings of the temperature are taken at half-minute intervals. 
When the substance begins to solidify, it becomes necessary to 
leave the thermometer at rest in the centre of the solidifying 
mass, so that it is better 7wt to stir in this experiment. Con¬ 
tinue reading the temperature till it has fallen 10" or 15* below 
the melting point of the substance. 

Plot a curve with the times as abscissae and the temperatures 
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as ordinates. Bo careful so to choose the scale that the curve 
covers practically the whole of the sheet of pa])cr. From the curve 
determine the njelting point of the substance, l.e. the temperature 
at which the curve first shows a horizontal portion. 

When the substance is a mixture, there may be several different 
melting points indicated, or no sharp cliange may be observed. 
The cheaper kinds of paraftin wax are mixtures of vaiious members 
of the paraffin series which melt at different temperatures : the 
various constituents dissolve each other to a slight extent, and 
there may be no definite melting point. 

Super-cooling,—An interesting case of cooling is offered by 
ordinary photographic ‘hypo.' If this is melted and a cooling 
curve taken in the usual way, the tenijierature will fall ciuite steadily 
for a considcnible time, obeying Newton’s law of cooling. Suddenly 
solidification will commence and immediately a considerable rise of 
temperature will take place, the temperature rising to, and remaining 
steady at, the true melting point, until all the ‘hypo' has solidified. 
It will then commence to fall again according to the ordinary law 
of cooling. The student should endeavour to formulate some 
theory as to the cause of the 7'ise of temperature when solidification 
begins. 

It may sometimes be observed that -the temperature has fallen 
to only a few degrees above atmospheric temperature and yet 
Bolidification has not taken place. If the temperature falls to 
below 25“ C. without solidification occurring, a crystal of solid 
* hypo' should be dropped into the molten mass, the temperature 
being carefully observed the while, 

5 3. Specific Heat of a Liquid by Method of Cooling 

The quantity of heat lost per second by a substance in 
given surroundings depends on the temperature of the cooling 
body, on the area it exposes, and on the nature of the surface 
exposed. The fall of temperature per second is equal to the 
heat Jost per second divided by the thermal capacity of the 
body. 

When a quantity of liquid heated to some fairly high 
temperature is allowed to cool in a calorimeter placed in a 
constant temperature enclosure, a cooling curve can be plotted 
from observations of the temperature of the liquid taken at half- 
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minute or minute intervals. The liquid can tlien bo replaced 
by water, and a similar experiment carried out for the water. 

If we take idmiical ranges of ieinperaiure in the two cases, the 
average rates of loss of heat will be identical, though the 
average rates of fall of temperature will not. If the rates of 
fall of temperature are found from the curves in the two cases, 
then we can find expressions for the rates of loss of heat, and 
by equating these we can determine the specific heat of the 
liquid. 

Let M = mass of liquid used and S its specific heat, 

W mass of water, 

VI ~ mass of calorimeter, s its specific heat. 

Then suppose that the tem})erature falls from to 6^ in each 
case, tlie times taken for this to take place being when the 
iiijuid is used, and 'with water. 

The average rate of loss of lieat in the first case is 

h 

and in the second case is 

^2 

These rates are equal, hence 

M S + nis _ W + ms. 

h h 

From this equation S can lie calculated. 

Exft. 173. Determination of the Specific Heat of a Liquid 
by the Method of Cooling. I. —A double-walled vessel with 
water betiveen the walls is useful as a constant temperature 
enclosure. Paraffin oil is a suitable liquid to employ in this 
determination. A small c^ilorimeter of metal, with a lid 
pierced for a thermometer and a stirrer, is used to contain the 
liquid. It is important that the outer surface of the calorimeter 
should be in the same condition in the two parts of the 
experiment. It may either be highly polished or coated with 
dead-black varnivsh. 

Weigh the calorimeter. Heat some paraffin in another vessel 
to about 75“ C. by dipping the vessel in hot water, and pour 
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the hot paraffin into the calorimeter. Cover the calorimeter 
and place it in position in the enclosure, supporting it by a 
non-conductor of heat so that it does not come into contact 
with the surrounding vessel (Fig. 180). Head the thermometer 
at intervals of 1 minute as the temperature falls from 70“ to 
30“ C., keeping the liquid gently stirred. The calorimeter 
must be removed and weighed at the end of the observations 
to determine the mass of paraffin. The same procedure must 
then be followed, using water instead of paraffin, taking care 
not to alter the radiating surface in any way. 



Fia. 180.—specific Heat of a Liquid. 


Plot the two cooling curves on squared paper, taking 
temperatures as ordinates, times as abscissae. From the curves 
determine the number of seconds required for the paraffin and 
for the water to cool through t?ie same range of temperature 
(say from 65° to 30° C.). Calculate the specific heat of the 
paraffin from the formula given on p. 361. 

Sometimes two calorimeters are used, one containing water 
and the other the liquid (paraffin). If this is done, they must be 
of the same metal (aluminium), have identical dimensions and be 
polished carefully ; they are suspended at a little distance apart in 
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the same enclosure. Except for tlie saving of time in taking the 
cooling curves simultaneously, this method is not to bti recom¬ 
mended, as it is impossible to ensure that the cooling surfac^es, even 
if equal in area, shall be identical in polish. The calorimeters used 
are small, and it is assumed that the tem]>erature shown by the 
thermometer rejjresents the temperature of the liquid without 
stirring. 

IvCt denote the mass of the first, the mass of the second 
calorimeter. 


Then ^--IS equal to -- ---J - ^ 


MS + 

. 


Hence 

From this equation S can be calculated. 


Ex PT. 174. Determination of the Specific Heat of a Liquid 
by the Method of Cooling. II. —Fill the space between the 



Fia. ISl.—Specific Heat of a Liquid. 

inner chamber B and the outer chamber C with cold water, so 
that the inner chamber may form a constant temperature 
enclosure. No water is put into the inside of B as cooling 
from the two calorimeters A is to take place by radiation and 
convection in air. A vessel of hot water will be required for 
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heating the two calorimeters. While this is being prepared 
weigh the empty calorimeters. Fill one calorimeter about 
two-thirds full with paraffin and the other with water. Sup¬ 
port the calorimeters from the lid of the enclosure by passing 
thermometers through rubl)er stoppers as in Fig. 181. Heat 
the calorimeters with the contained liquid to about 75° C. by 
immersing them in the vessel of hot water. Place the lid, 
with the calorimeters attached, on the enclosure, taking care 
that the calorimeters do not touch the metal vessel B. When 
the lid is in position, commence taking reading of the ther¬ 
mometers. 

A convenient plan is to take the reading of the first 
thermometer when the seconds hand of a watcli is at 60, and 
the reading of the second theniKjnuder when the seconds hand 
is at 30. Headings should not be commenced unless the two 
thermometers indicate approximately the siime temperature 
(between 60° and 70° C.). Continue the readings till the 
temperature falls below 30° C. in each case. The paraffin cools 
more rapidly, and therefore the paraffin will reach this tem¬ 
perature first. When this is the case, the readings of the 
paraffin thermometer can be discontinued, but the water ther¬ 
mometer must still be read. It is the time to cool through 
ecpial ranges of temperature which is required, not the tem¬ 
perature change in equal times. 

At the end of these ol>servations, remove and weigh the 
calorimeters to determine the mass of licjuid in each. Plot 
two curves on a sheet of squared paper to show the cooling of 
tlie tw’o calorimeters, taking temperatures as ordinates, times 
as abscissae. From the curves determine the number of 
seconds required in each case in cooling from 0^ (about 
60° C.) to ^2 (about 30° C.). Calculate the specific heat of 
the liquid from the formula on p. 363. 

Instead of paraffin oil, olive oil, glycerine, or strong salt 
solution may be used in the previous experiments. 



CHAPTER V 


THE COEFFICIENT OF THERMAL CONDUCTIVITY 




§ L Definition's 

When the temperature at one point of a body is higher than 
the temperature at a neighbouring point, heat tends to flow 
from the first point to the second. If the tempera¬ 
ture at the two points be and Tg, and d be 
the distance between them, the quantity (Tj ~ 
is called the temperature slope or temperature 
gradient.^ It may be expressed in degrees per 
centimetre. 

When a slab of any material, of thickness 
with parallel faces, has one face maintained at a 
temperature T^ and the other face at a temperature 
Tg, a steady flow of heat will eventually take place 
in straight lines perpendicular to the faces of the fio. i 82. —slab 
slab, and the temperature slope will bo uniform Parallel 

and equal to (T^ ”■ T^jd, 

The quantity of heat Q, flowing in time t through an area 
A measured on one face of the slab, will be proportional to the 
time, to the area, and to the temperature slope. It will also 
depend on the material of which the slab is composed. Hence 


we may write- 




T -T 


^ III the notation of the differential calculus this ina)^ be written 
taken to represent distance. 


^ ificbo 
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where K is a quantity depending on the material of the slab. 
This equation may be regarded as defining the meaning of K, 
the coefficient of thermal conductivity, or briefly, the thermal 
conductivity of the material. Solving the equation for K we find 

r. _ Qli _ 

The numerator Q/t measures the rate of flow of heat through 
the slab. This may be expressed in calories per second. 

Jlence the coefficient of thermal conductivity-mav be 
defin ed briefly as the rate of flow of heat pe^ jaiiL-^rea, per 
unit tempelFalure^'^bpe.* TheToeiffr^nt will be expressed in 
calone^pcT^ecori centimetre, per unit temperature 

slope. This is equivalent to calories cm. sec.(deg. C.)"L 

The measurement of a coeflScient of thermal conductivity 
consequently involves the determination, after a steady state has 
been reached, of the three quantities: rate of flow of heat, area 
through which the heat flows, and temperature slope. 

§ 2. Experimental Determinations 

COEFFICIENT OF THERMAL CONDUCTIVITY OF A 
METAL BAR 

The metal, of which the coefficient of thermal conductivity is 
to be found, is in the form of a cylindrical bar (Fig. 183). 
One end of the bar is heated by passing a current of steam 
through a steam chamber B, the other end is cooled by passing a 
current of water through a spiral tube encircling the bar at C. 
The temperature at two points, D and E, along the length of the 
bar is determined by thermometers and Tg. The temjierature in 
the water is determined at the point F, where it leaves the coil, 
by the thermometer Tg, and at the point G, where it enters the 
coil, by the thermometer T^. 

Expt. 175. Determination of the Coefficient oll^Thennal 
Conductivity of a Metal Bar. —In carrying out the experi- 


* To the notation of the differential calculus the equation may be written— 
ir- 

'^~AjdT/dx 
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nient a steady current of steam from a boiler must bo passed 
through the steam chamber, and a steady (mrrent of water 
must be passed through the coil. The bar is packed round 
with a bad conductor of lieat, such as felt, and is left until a 
steady state is reache<l. This may take from twenty minutes 
to half an hour. The four thermometers are read from time 
to time in order to s(^e whether the temperatures recorded 
are steady. The final tem})eratur(\s recorded will depend 
on the rate at which water is flowing through the coil. To 
secure a reasonably larger differern^e between the tempera¬ 
tures Ty and T^ it is best to have a rather slow stream; in 



fact little more than a trickle of water should issue from the 
coil. The quantity of water flowing through the coil per 
second must bo determined by collecting the water that issues 
in a given time (two or three minutes), and either weighing it 
or measuring the volume in a graduated vessel. In this way 
is found the number of grams, wq of water passing through the 
coil in t seconds. The temperature of this mass of water has 
been raised from T^ to T^, so that the water must have absorbed 
^^.(Tg — T 4 ) units of heat from the bar. Assuming that no 
heat has been lost from the sides of the bar, we iiuiy write for 
Q/^ in the definition of the coefficient of tlxermal con¬ 
ductivity w(Tg - 

The area of cross-section of the bar can be found by 
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measuring the diameter with the vernier callipers, and taking 
where r is the radius of the circular cross-section. 
The temperature slope can be found from the temperatures 
and T 2 , and the distance d between the two poirits D and E. 
Thus all the quantities necessary for the determination of K 
can be found. 


COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A PLATE. 

In the case of a bad conductor of heat, the thickness of the slab 
of material to be examined must be small. The apparatus described 
below is similar in princijde to that used in the researches of Pro¬ 
fessor C. H. Lees, but for convenience in manipulation his apparatus, 
which was sus})ended by strings in an enclosure, has been inverted. 

Expt. 17G. Determination of the Coefficient of Thermal 
Conductivity of a Bad Conductor such as Cardboard.— 

The material is in the form of a thin circular plate. One 
face of the plate is heated by being placed in contact with a 



PiQ. 184.—^Thermal Conductivity of Cardboard, 

metal chamber B (Fig. 184), through which a current of steam 
is passed. The other face of the plate is in contact with 
a circular disk C of metal. All the metal surfaces are nickel- 
plated. Thermometers D and E are inserted,holes in the 
chamber B and the disk C. 

The apparatus is left until a steady state is attained, and 
then the readings of the thermometers are recorded. 

The temperature of the air in the room should also be 
observed. 

It is assumed that the temperatures and Tg indicated by the 
thermometers represent the temperatures of the two faces of the 
cardboard plate. The thickness of the cardboard being known, the 
temperature sloi[ie can then be calculated. The area through which 
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tlio lioat flows is taken to be tlie area of the face of the card, which 
can be calculated from the diameter of the circle. 

It now remains to determine the rate of flow of heat 
through the card. For this a separate experiment is necessary. 
When the steady state is reached in the first experiment the 
rate of flow of heat through the card must be exactly equal to 
the rate at which lieat is lost from the surface of the disk O 
by (convection and radiation. For when the temperature has 
become stationary there can be no accumulation of heat going 
on in the disk, and tlie heat gained by the disk must be ecpial 
to the heat lost. Consequently, if we can determine the rate 
at which heat is lost, we know the rate at which heat is flow¬ 
ing through the card. 

The lieating cliamber B is removed, and the disk C, with 
tlie cardboard in contact with one face, is 8Upi>orted so that 
transference of heat by conduction is a minimum. This is 
sometimes done by suspending the disk by strings, but it may 
be more convenient to place the cardboard on a support, such 
as a block of wood, which is a bad conductor of lieat. 

The disk is then heated by the flame of a Bunsen burner 
till its temperature is 5 or C degrees higher than the steady 
temperature T 2 . It is then allowed to cool until its tem¬ 
perature has fallen from this temperature, T.j, to a temperature 
T^, the same number of degrees below T 2 , and the time t 
taken in cooling is noted carefully. 

The heat lost in cooling is MS(T.j - T^), when M is the mass 
of the disk and B the sjiecilic heat of the metal. Consequently the 
rate at which heat is lost is MS(T 3 -T^)/^. Assuming^ that this 
is equal to Q/^ in the formula for thermal conductivity, we have 
all the data necessary for the calculation of the latter quantity, 

COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A TUBE 

The Coefficient of Tliermal Conductivity of a bad conductor of 
heat in the shape of a tube can be determined by passing a current 
of steam through the tube, or through a jacket surrounding the 

^ This assumption is not strictly accurate, for when the heater is removed 
some Imat is lost from the disk by conduction through the cardboard. It would 
be more correct to determine the rate of loss of heat from the disk when the 
heater is in position, but at the same temperature as the disky so that there is no 
slope of temperature in the cardboard. It is not difficult to realise this condition 
in practice, at least in an approximate fashion. 
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tu1>e, and measuring the quantity of heat transmitted through the 
walls of the tube by the ordinary methods of calorimetry. 

First Form of Apparatus.—Steam is passed thromfh the tube. 
The tube may be immersed in a known mass of water in a calori¬ 
meter and the rise of temperature of the water in a certain time 
may be observed. 

Expt. 177. Determination of the Coefficient of Thermal 
Conductivity of a Poor Conductor in the Form of a Tube.— 

In the case of a rubber tube select a calorimeter of fairly 
large capacity (500 or GOO c.c.) so as to allow a considerable 
length of the tubing to be coiled up inside it. Weigh the 
inner vessel of the calorimeter and till it about two-thirds full 
of water. Weigh the vessel thus tilled in order to find the 
weight of the water. Take the tem])erature, T.^, of the water, 
wliich may conveniently be below that of the room to start 
with. Coil u]) the rubber tube in the water, allowing both 
ends to project some distance out of the calorimeter. The 
rubber tube must then bo connected to the nozzle of a sb^am 
generator, so that a steady current of steam can be passed 
through it. The other end may dip into a tin can tc catch 
any dri])pings from the condensed steam. 

Allow the steam to ]>ass through the tube for an observed 
time, until tlie temperature of tlit) water lais risen 
lb"* or 20“ C. Note the time during which the 
steam has passed, and also the final temperature, 
To,, of the water. 

The length of tube immerst'd in the water 
must be measured, and for this purpose it is con¬ 
venient to have two marks made on the tube at 
the j)oiiits where it enters and hiavos the water 
in the calorimeter. Let the hmgth immersed be 
I cm. Measure also the internal and the ex¬ 
ternal radius of the tnl>e. Let these be and 
cm. respectively. Then the thickness of the 
wall of the tube is cm. If we imagine 

open by a cut imrallel to its axis (Fig. 185), 
it will approximately correspond to a slab of material of thick¬ 
ness ^2 — Vy 

The area through which the Jieat flows may be taken approxi¬ 
mately as the mean of the areas of the two faces of the slab, that is 

A = \ {27rrJ. + 2iTr.Jt) = 27rf 
where r* J mean radius of the tube. 


2Trr 


2rrK 


Fia. 185. — Slab 
formed from 
Tube. 


the tube slit 





OH. V THE COEFFICIENT OF THERMAL CONDUCTIVITY 


371 


Tlie toTiiperatnre on tlin rnitsidii of the tube is not constant, but 
we take tlie iiu'an of the initial and final teni})eraturcs in calculat¬ 
ing the teiujieratiirc gradient. The temperature of the inside of 
the tube may bo taken as Tj = 100“C. Thus the temperature 
gradient is 

Tj-T 

where T — J,(T.^ + T.,) is tlie meu//? tenijierature outside the tube. 

The only other (piantity required is the quantity of heat flowing 
through the wall of the tube in time t. As the heat goes to rai^so 
the temj)erature of the calorimeter and its contents from T^ to T.^ it 
can be calculatt‘d easily. Thus all the quantities required for the 
determination of the coetlicient of thermal (‘-onductivity can be 
obtained, and the coetlicient can be calculated from the equation ^ 
deduced from the dehuition on p. dGG. 



Second Form of Apparatus.—If the tube is not flexible, as 
in the case of a glass tnl>e, its thermal conductivity may be deter¬ 
mined in the following maimer:—A slow stream of water is passed 
through the tube, tlie stream Ixdiig maintaiued steady by use of a 
Mariotte’s Bottle. The tube is inclined slightly so that it is always 
full of water while the ex|>eriineut is in progress; it is enclosed in 
a steam jacket through which steam is passing (Fig. 18G). 

Expt. 178. Determination of the Coefficient of Thermal 
Conductivity of a Poor Conductor in the Form of a Tube.— 

As the water enters the tube its inflow temperature is taken. 
As the water flows through the tube, it receives heat by 
conduction through the tube walls, its temperature rising to T 2 
by the time it has flowed through the jacketed part of the 
tube. This outJU/w temperature is taken, and the emerging 
water is collected in a measuring cylinder. The mass of water 

1 A more accurate formula, obtained by cousideriug the flow of heat tlnougb 
the wall of a hollow cylinder, gives 

__ 

ra/r, 

When the tube is thin, so that is small compared with or thw 

reduces to the form above. 
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flowing through tui>e in a certain liino is noted; this 

interval of time should Ixs such that at least .‘100 c.c. of water 
are collected in a measuring glass, the mass being calculated 
on the assumption that the density is unity. If the mass of 
water flowing through the tube in t seconds be M gm., the 
quantity of heat Q cxjuducted through tlie walls of the tube in 
this time is M(T^ - Tj) calories. 



The length of the tube between the ends of the steam 
jacket is measured, and also the internal and exteinal radii of 
the tube. Let these be 7, and respe(*,tively. 

Then the average area through which the heat flows is 27rr^, 
where r — (r^ + ^’ 2 )/^- 


The average temperature slope through tlie tube is 


Hence ^ 


100 - T 


n, - r 


where T 


1\ + T, 
3 


M(Tj-Tj) = K2n-r/ 



All these quantities can be measured or observed except K, hence 
K can be calculated. 


* If the more accurate equation is used 


MCTa-T,)- 


K27r ^(100~Tg^ 

logerj/rj 





CHAPTER VI 

THE MECHANICAL EQUIVALENT OF HEAT 

§ 1. Definition and Determination of the Mechanical 
Equivalent of Heat 

It was proved by Dr. J. P. Joule (1818-1889) that when heat 
was produced by the exi)enditure of mechanical energy, for 
every unit of heat produced a definite number of units of work 
had to be done. This number is called the mechanical equiva¬ 
lent of heat. Thus, in order to produce one calorie (gram- 
degree centigrade), 4-2 x 10*^ ergs or 4*2 joules of work are 
required. In C.G.S. units, using the centigrade scale of 
temperature, the mechanical equivalent of heat is 4*2 x 10"^ ergs 
per calorie, or, more exactly, 4*18 x 10^ ergs per 20° calorie. 

Ex FT. 179. Determination of the Mechanical Equivalent 
of Heat by the Fall of Mercury in a Tube. — A wide glass 
tube about a metre in length and 3 to 4 cm. in diameter is 
sealed at one end and provided at the other with a well-fitting 
rubber cork through which passes a sensitive thermometer. 
About 50 c.c. of mercury is introduced into the tube and the 
cork is fixed securely in position. The tube is grasped firmly 
at its centre and held vertically so that the lower end rests 
level with a table. The tube is then inverted quickly so that 
the upper end now occupies the position formerly occui)ied by 
the lower end. This means that the tube must be rotated 
about a horizontal axis through the middle of its length. 
During the rotation the mercury remains at the end of the 
tube, but when the tube becomes vertical the mercury falls 
from one end of the tube to the other. 
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The work done iii lifting the inereury is couverh'd into kinetic 
energy during the fall, and this is converted into heat when the 
nit*rcury comes to rest at the bottom of the tube. In order to 
secure an appreciable rise of temperature, tlie operation must 
be repeated about 50 tiuies. 

Let 711 ~ mass of mercury in tlie tube, 

s specific heat of mercury, 

= final temjierature, 

L, ^ initial temperature. 


Then assuming that no heat is lost, the total amount of heat 
p>roduced H — - /„). 

Let /i == the vertical distance through whicli tla^ centre of gravity 
of the mercuiy falls wlnm the tube is inverted (note tliat this is 
nat the length of the glass tube), y/= tlie number of times the 
operation is carried out. 

Then the mechanical energy whicli disajipears is E — 


So we have J 


E 

H 


nitKjh ncjli 


From this result Joule’s equivalent can be calculated. 

Note that the value of J is independent of the mass of mercury 
used. In an actual experiment a very small (juantity of mercury 
must not be used, otherwise the heat used in warming the tube 
would be appreciable in comparison with that used in warming 
the mercury. A less accinate method, attended with less risk of 
breaking the thermometer, is to use a solid cork, and to take the 
temiierature of the mercury in a small beaker before and after the 
otJerations. 


PRODUCTION OF HEAT BY FRICTION BETWEEN 
METAL CONES 

The following method of determining the mechanical equivalent 
of heat by the friction between two metal cones is an adaptation 
of one employed by Joule. 

Two metal cones, I) and E (Fig. 187), are })rovided which fit 
closely one within the other. The outer cone is forced to rotate 
by attaching it to a vertical spindle driven by a flywheel turned 
by hand. The inner cone is prevented from rotating. Consequently 
friction takes place between the surfaces in contact, and the heat 
produced goes to heat the cones and any Ihjiiid (usually water, 
sometimes mercury) that may be placed in the inner cf)ne. 

The amount of heat produced is determined from a knowledge 
of the water equivalent and the rise of temperature. 
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The amount of meclianical work ex}>encle(l can l>e estimated Ly 
applying a measurable toniuo to tbe inner cone in ordcT to prevent 
it from rotating, and by counting the number of revolutions 
made by the outer cone. A is a circular wooden disk which rests 
Li 2 >ou the inner coru', to which it is attached by two steady-pins. 
A leaden weight B is placed on the to}) of it to hold it in position. 
A string attached to the circumference of the disk passes over 
a }mlley and is ke})t stretched by a known weight M (100 to 200 
gm.) fastened to its other end. When the outer cone is rotated 
the inner cone tends to move with it, but it is prevented by the 



Fia. 187.- Mechanical Equivalent of Heat. 


moment of the force due to the tension T in the string. The 
»trin(j must always he i<ingential to the circunifertnce of the wooden 
disk when the apparatus is In use. 

Let It be the radius of the disk, and r the mean radius of 
the surface of contact of the cones. Then if F represent a mean 
value of the friction between the cones, 


Fr = TR 

-M^lt, 

I 

where M is the mass of the suspended load. 

The work done in one revolution of the outer cone, when the 
inner one is at rest, is W == F27rr. Consequently the work done in 
n revolutions = 27rnFr. 

Although the values of F and r separately cannot be determined 
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accurately, the value of Fr can bo found from the equation above. 

Substituting this value we find for the work done 

W-27rnMvB. 

Consequently the mechanical work can be calcukited in ergs. 

Expt. 180. Determination of the Mechanical Equivalent 
of Heat by the Friction between two Metal Cones.—In 

carrying out the experiment, it is essential that the friction 
between the cones should be suitable in amount. Otherwise 
it will be impossible to kcc]) tlu^ load at a lived level. A 
single drop of lubricating oil is usually sufficient to place 
between the inner and the outer cone. If the cones are not 
lubricated the surfaces in contact will ‘ seizi'.’ 

The adjustment of the amount of lubricaiit should be 
made before beginning the actual experiment, tlic ap]»arains 
being tested by turning the driving wheel so as to see whet lun* 
the load can be maintained approximately at a fixed level, 
whilst turning at a fair speed. 

Weigh the two cones together when em])ty, and also when 
the inner cone is about two - thirds full of water. Then 
replace the coues in the a})paratus and introdiu^e a sensitive 
thermometer to determine the temperature. If care be taken 
the thermometer itself may bti used as a stirrer. Sometimes 
the thermometer is held in a stand and a separate stirrer is 
employed. 

It is important to allow for any lo.ss or gain of heat due 
to radiation. In order to do this, readings of the temperature 
should be taken at intervals of I minute for 5 minutes before 
the actual experiment commences. Then the flywheel should 
be set in rotation and the required number of revolutions 
made. The number is indicated by the counting mechanism 
C geared to the rotating spindle. To obtain a rise of tempera¬ 
ture that can be measured with reasonable accuracy a large 
number of revolutions must be made : 500 or 1000 revolutions 
may be necessary. The time this takes must be noted. 
When this operation is completi'd, the temperature must be 
read, and readings of the thermometer taken again at intervals 
of 1 minute for 5 minutes. From tlie rf'adings before and 
after the mean rate of change of temperature can be found, 
and knowing the time the experiment lasted, the actual change 
during this period can be calculated. This change must be 
taken into account in estimating the rise of temperature 
produced by the friction between the cones. 
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Calculate tin; nuiriLer of calories of lieat j)roduced, from the water 
e(|uivalent aud the rise of temperature. Measure the diameter of 
tl)e wooden disk with a large pair of callipers, and calculate the 
work done from the expression W = 27r;iM<7K. Tlie mechanical 
e(piivalent should be expressed both in ergs per calorie and also 
in joules })er calorie. 


CALLENDAR’S APPARATUS FOR THE MECHANICAL 
EQUIVALENT OF HEAT 

In this form of apparatus (Fig. 188), the water is contained 
in a hollow drum which is rotated by an electro-motor or by 



Fm. 1S8.—Callendar’s Apparatus. 
(Carnbridt'o Scieiitilic Instrument Co.) 



Fio. 180.—Dynamometer 
of Calleudar's Apj^ara* 
tus. 


band. Over the drum passes a brake-band of silk,^ consisting of 
three ribbons. The two outer ribbons are wound once round 
tlic drum and at one end carry a mass A (Fig. 189), of several 
(3 to 5) kgm. The other ends of these ribbons are fastened to 

^ 'Iho «ilk belt must bo kept clean and dry, and be put away in a papei 
wrapper when tlie apjjaratus is not in use. 
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an ivory or vulcanite bar, to which the middle ribbon is also 
attached. This ribbon also passes over the drum, lying between 
the other ribbons and in continuation of them. It carries a 
yoke S at its other end, and from this yoke is suspended a 
small mass B, about 200 to 400 gm. From the lower end of 
the yoke passes a spring-balance which hangs from the frame of 
the apparatus at C; this spring acts upwards on the mass B and 
supports B to some extent during the experiment: its action 
is to steady the working of the apparatus. 

Suppose the drum to be rotiiting in the direction of the 
arrow : A is raised by the friction of the band, and B is depressed. 
The difference in tension between the ends of the band is equal 
to the force of friction between the band and the drum. Now 
the force of friction round a drum or fixed pulley depends on 
the tension at the free end (see p. 94); if the weight of B 
were adjusted carefully, it w'ould be possible for B to keep A 
balanced exactly when the drum was rotating at a certain speed. 
If, however, B were not adjusted exactly to this value, the band 
would move slowly either in the same direction as the drum or 
against the motion of the drum, according as B were greater or 
less than this special value. The slightest alteration of the 
coefficient of friction, due to rise of temperature, alteration of 
speed,^ or any other cause, would require a readjustment of B, 
or if the angle of contact between the brake-band and the drum 
were altered through slight oscillation of either end, the band 
would begin to move in one direction or the other. 

The adjustment of B would be troublesome if the spring- 
balance were not used, and readjustment would be necessary at 
frequent intervals in the experiment. The spring avoids all 
this troublesome adjustment in the following way : If at any 
moment the force of friction is too large, B begins to move 
downwards, its weight is thus thrown on the spring to some 
extent, and the cord, being released from this part of the weight 
of B, exerts a smaller frictional force on the drum and the 

^ The force of friction between solid surfaces is nearly, but not quite, 
independent of their relative velocity. 
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downward motion of B is arrested. Diminution in the force 
of friction causes B to rise; its weight is then taken by the cord 
more completely arid the friction increases accordingly, the 
motion of the cord being again stopped. The arrangement of a 
brake-band round a drum is called a Dynamometer. 

The force of friction is equal to T - T^,, where T is the 
weight of A, and Tq is the difference between the weight of B 
and the force exerted })y the spring: all these forces are 
measured in dynes. 

The work done is equal to the product of the frictional couple 
exerted on the drum, and the angle in radians through which 
the drum revolves: thus in 7i revolutions the work done is 
27rw(T - Tq) 11, where B is the radius of the drum. 

The number of revolutions is determined by means of a 
revolution counter mounted on the axle of the drum. 

The heat generated in any given number of revolutions is 
determined by the rise of temperature of the water, multiplied 
by the thermal ec[uivalent of the drum and contents. To avoid 
loss of heat from the drum by conduction, and also to give a 
definite value to the thermal equivalent of the drum, it is 
mounted at six points on its circumference on ivory or vulcanite 
studs, by means of which it is attached to the driving disk and 
spindle. The drum has a hole in the centre of its end plate, 
into which the thennometer is inserted and through which the 
water is introduced. The drum is half-filled with water before 
the experiment, the mass of water used, w gm., being determined 
before introducing it into the drum. As the drum revolves, 
the water gradually acquires a motion of rotation and rotates 
with the drum, being prevented from escaping from the drum 
by centripetal force, which keeps it in contact with the rim. 

The thermometer is of a special design, being bent so that its 
bulb lies near the rim of the drum and inside the drum, while 
the graduated stem projects from the hole at the centre, and is 
clamped as shown in Fig. 188. The water swirls past the bulb, 
and its temperature is registered on the thermometer, the 
rotary motion ensuring thorough mixing and consequent uni 
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formity of teniper;iture tlironghont the li<iuid. '^Fhe tlicnnomoter, 
being fixed, enables tcinpcratiires to htj taken at any instant 
during the experiment, and it is possible therefore to plot a 
temperature-time curve if desired, and to correct the final 
temperature for radiation losses by means of this curve (|). ‘U9). 
The water e(piivalent of the drum can be determined fi’om its 
mass m and its specific heat 

From the work done Jirid the heat generated, the mechanical 
equivalent of heat J is determined by the erpiation 

W = JIL 

W is the work done and is given by 2Trn (T - ib 
His the heat generated and is equal to {ir +'lus) (fb - 6 ^ 1 ), 
being the initial and 6,^ the final temperature ot the water 
in the drum. 

Exrx. 181. Determination of the Mechanical Equivalent 
of Heat by Callendar’s Apparatus. —The a}>])aralu 8 is set up 
to be driven either by hand or by motor. Polish the drum very 
carefully by applying a liquid metal ])olish on a soft rag to the 
revolving surface. Adjust the brake-bands over the drum as 
shown diagrammatically in Fig. 189, placing a five-kilogram 
weight on the end A and a mass of 400 gm. on the spring- 
balance being fixed to the frame of the apparatus at C. 

Measure an amount of water sufficient to fill the drum nearly 
up to the hole at the centre—between 300 and fiOO c.r.. will ])e 
required : let the mass of this be ta gm. Introduce the water 
into the drum. 

Place the thermometer bulb in the interior of the drum, 
clamping the thermometer in the clamp j)rovided on the 
appai’atus so that the stem projects along the axis of the 
drum. Care mmst be used in inserting the bulb, as the 
thermometer is fractured easily at the bends. 

Start the motor and adjust its sjxjed or the masses of A or 
B until the band is stationary when the drum rotates. Care 
must be tfiken that the yoke is not touching the frame of tbe 
instrument, and that the index of the spring-balance is well 
away from lK)th ends of tlie scale. When these adjustments 
have been made the motor is stopped and the water allowed 
to come to rest. Take readings of the water temperature 0^, 
and of the revolution counter. 
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To carry out tlie experiment }>ro]HT, start the motor and 
read tlie tein]Kiratui‘e of the water every fifty or one hundred 
revolutions of the drum. Head the tension of tlie sjuing- 
balanee hetween every j)air of temperature readings so as to 
get tlie mean fori;e exerted by the si)ring during that ]>art of 
tlie rise of timqierature. Note also the time occupied by the 
experiment. 

After 1000 revolutions (or some other convenient number) 



Fi<i. 190.--Callcndar’a Apparatus driven by Motor, 
(naiubridge Scionlilic Instrnmont Co.) 


stop the motor and take the temperature 6^ when the water 
has come to rest. The apparatus is then left for the same 
length of time as that taken for the experiment, and the fall 
of temperature during this period is noted; let this be ^0, 

The mean excess of temperature over the surroundings during the 
experiment is half the final exce8.s, and therefore the mean rate of 
loss of heat during the ex[>eriment would be half the rate at the end 
of the experiment. The correction for radiation during the experi¬ 
ment is therefore made by adding Wj2 to the observed rise of 
temperature, and we have 
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H = + ms)(o^ ~0^ + 

where H is the Heat grenerated during the experiment. 

In this expression m is the mass of the drum, and s the specific 
heat of the material of the drum (usually brass) : 7)i is usually 
stamjied on the end of tlie drum by the maker. 

To calculate the work done it is necessary to measure the 
radius of the drum; let this be H. Then the force of friction is 
given by the ditierence in tension between the ends of the cord. 
Let the mean reading of the spring-balance be C gm., then the 
tension at the end of the band carrying the weight B is (B - C) 
gm. weight. 

At the other end tlie tension T is equal to A gm. weight, and 
the friction force is giVen by 

F (T - T,) dynes - {A - (B ~ C)} </ dynes. 

This force is exerted round the periphery of the drum, and tlie 
couple due to friction is 

FIl dyne-cm., 

the work done in 7i revolutions being equal to 

W=2irii FR ergs. 

Calculate the heat generated H and the work done W in 
the numl>er of revolutions taken, and calculate the mechaniciiJ 
equivalent of Heat J from the equation 

W-JH. 

Notk.— The satisfactory use of Callendar’s apparatus dejiends very largely 
on ohtaiiiing a good ])olisli on the surlace of the drum. This may require coii- 
siderahle time and care, particularly when the apparatus has not been in 
use for a long period* 
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IIVGEOMETKY 
g 1. Definitions 

The Hygrometpie State or Relative Humidity of the cair can 
be defined as the percentage or fractional saturation of the 
air. At any temperature t a certain maximum amount of 
aqueous vapour can exist in the air; this corresponds with the 
Saturation Vapour Pressure, F, of water vapour at that 
temperature. 

The actual quantity of vapour present is rarely equal to this 
maximum, the aqueous vapour actually present corresponding 
with a saturation pressure / which is usually considerfibly less 
than F. The mass of aqueous vapour present is proportional to 
/, and consequently the fractional saturation can be expressed 
as//F or as a percentage by //F x 100 . 

The aqueous vapour present in the air would be sufficient to 
saturate the air at a certain temperature ty If the air is cooled 
down locally to this temperature ty dew will be deposited on 
any flat surface exposed to this cooled air: the temperature 
is called the dew point. 

Tq a very close degree of approximation, tlie saturation 
vapour pressure (S.V.P.) at the dew point may be Uxkeii as 
equal to the pressure of the vapour actually present in the air. 
Thus if we can determine the dew point, we can obtain the 
hygrometric state of the air, for the saturation vapour pressure 
of water vapour at any temperature can be obtained from 
tables (Appendix, p. 654), and the 
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/ S.V.P. nt tlie Jew ])oint 
F S. \M\ at the air teinperaturo’ 

§ 2. JNJetiiods of dktermininc} the Dew Point. 

IIygkomei'ers 

The method of cooling the air locally is to cool down a hriglit 
metallic surface. When dew is deposited on this, its bright surface 
assumes a dull appearance, and with practice a very slight trace of 
dew can be detected. If the temperature of the surface is then 
taken, this temperature will be the dew point. Any apparatus 
designed for this purpose is called a Hygrometer. 


Hygromctric state 


DANIELL’S HYGROMETER 


Danu‘ll’s Hygrometer is shov/n in Fig. 191. Tn this form the 
metallic surface is a gold band fused round the lower glass bulb A. 

nwP In-'^ide this bulb is a thermometer 
of which passes up the 
tube connecting this bulb with the 
second bulb B on tlie other side of 
' W —the stand. The two bulbs and the 
I I connecting tube contain ether and 

I |R ether vapour only. 

J| |h By pouring ether on the cloth 

|h surrounding the upper bulb, and 

H causing it to evaporate rapidly, 

this bulb is cooled. The ether 
vaj>our inside the bulb is condensed, 
and its place is taken by more 

TT T^ m . vapour which passes over from the 

Fio, 391.—Daniell’s Hydrometer. J , n A i 

other bulb. Condensation is con¬ 


tinued in the upper bulb, and vapour passes over from the 
lower bulb to replace the condensed vapour, so that continuous 
evaporation goes on in the lower bulb so long as the upper is 
being cooled. 

The evaporation inside the lower bulb causes a steady fall of 
temperature in it, and the gold baud finally cools to the dew point. 
When the first trace of dew is noticed, the tem}>erature of the thermo¬ 
meter inside the api>aratiis is bikeii and also the temjxu-ature of 
the air of the room. Usually a second thermometer is mounted on 
the stand 6f the instrument for this latter purpose. 

The first of these temperatures is taken as the dew point, and the 
hygrometric state is calculated from these observations. 
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The ay)paratus is not a good one. Tlio tliennomoter inside the 
ay)paratus is separated from tlie gold band l>y a mass of liquid at 
least 1 cm thick, and then by a layer of glass of frojii 1 to 2 mm. 
thickness. The liquid is practically stilly and there may be con¬ 
siderable variations of tenq)erature in tlie liquid itself ; the glass 
too is a bad conductor of heat, and consequently tlie temperature 
of tlie thermometer may be from l^C. to 2 C. below the tempera¬ 
ture of the gold band, th(i value obtaiucul for the dew point being 
wj’ong to the same extent. 

There are other objections to this form of instrument; the air 
all round it is charged with ethm- vajionr and also the rate of 

cooling cannot be regulated, being determined by the rate of 

evaporation of the ether on the cloth. 

Expt. 182. Determination of the Dew Point with 
Daniell’s Hygrometer. —Read the temperature of the air in 
the room by means of the thermometer mounted on the stand 
of the instrument. I’our some ether on the muslin surrounding 
the upyier bulb, and watch tlie gold band for the first trace of 

a deposit of df‘W. If the surface is touched from time to 

time with the end of a long pajier spill or a feather, the 
presence of dew may be detected more easily, Immediatidy 
the deposit is noticed read the temperature of the thermometer 
inside the ayiparatus. 

Find from the table (p. 654) the saturation vapour 
pressure corresjionding with these two temperatures, and 
calculate the relative humidity. 

REGNAULT’S HYGROMETER 

The form of liygrometer designed by Begriault, when constructed 
and used jiroperly, avoids the disadvantages of Danieirs Hygrometer. 
An open glass tube A is fitted at its lower end with a silver cap B 
(Fig. 192). In this is placed sufi^icient ether to fill the silvered 
cap, and a thermometer dips into the ether. By means of two tubes 
CD and EF fitted as shown, a current of air is asyiirated through the 
apparatus, the air bubbling through the liquid and passing out 
througli the side tube G. The air becomes charged with ether 
vapour as it bubbles through, and the rapid evayioration lowers the 
temjKTature of tlie liijuid. This is in immediate contact with 
the silver cap and with the thermometer, and is well stirred by 
the bubbling air, consequently the thermometer, the liquid, and 
the silver cayi will all be at the same temperature. 

Dew forms on the silver cap as soon as the temperature of the 
dew 2>oint is reached, and the dew point can therefore be 
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detenuiued very accurately by taking the temperature of the 
thermometer when dew* is lirst observ't'd on the cap. 

Exi’t. 18 .‘k Determination of the Dew Point with Be* 
gxiault’s Hygrometer. —Connect the short glass tiil^e to the 

asjhrator. 'I'he dew point should 
first be determined approximately 
by using a rapid (uirrent of air. 
Tills causi;s rapid cooling, and 
the dew will not be noticed until 
the temperature is slightly below^ 
the true dew jioint. If now the 
current of air is sto]>ped, the 
\vhole apparatus will warm up 
sloivlt/ and thc^ dew wdll dis- 
apiiear. The temi)erature at 
which the dew^ disa])j)ears should 
be noted; this wdll be much 
nearer the true dew* point than 
the value previously taken, but 
K will be soinewliat too high. 

Tlie aspirator is now set work¬ 
ing again .so as to aspirate a very 
slow current of air through the 
apparatus. By this means the 
temperature will be lowered again 
but very slowly, and the appear¬ 
ance of dew will be noticed very 
Fio. 192.—Reguaulfa Hygrometer. ^OOn after the dew point is 

reached ; a more accurate value 
of the dew^ point Avill thus be obtained. 

By alternately cooling the bulb and allowing it to w^arm up 
again in the manner described, temperatures will finally be 
obtained for the appearance and disappearance, wEich will not 
differ by more than 0-2 of a degree. When this is the (^ase 
the mean of these may be taken as the dew point. The 
thermometer in th(i tube K gives the temperature of the room. 

Find from the table (p. 654) the saturation vapour pressure 
corresponding w ith the dew point, and also with the tempera¬ 
ture of the room, and deduce the relative humidity. 

Note. —In order to detect the smallest trace of dew it is 
convenient to use a long dry quill, or a spill of paper formed 
by rolling up a half sheet of note-paper. This should be held 
at one end, and the silver cap gently stroked at one point with 
the other end of the paper or quill. Any denosition of dew 
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can be detected in this way, as tlie moistened surface of the 
silver shows a higher polish wheio tlie paiH*r lias been stroked 
along it. "J'he hand must not api>roach within 20 cm. of the 
silver cap, and the apparatus should be watched through a 
large pane of glass; the ex}>eriment should not be carried out 
near any j)la(;e where a large surface of water is exposed. 

Many instrument makers sujiply a complete 
glass test-tube with a silver cap slipjied on the 
end as a Itegnault's Hygrometer. The use of 
such an a[)paratus reintroduces one of the main 
errors which llegnault’s apparatus was designed 
to avoid, by placing a badly conducting medium 
between the silver cap and the thermometer. 

The end of the test-tube must be cut oti' with 
a file and the silver cap cennmted to the tube so 
as to have the tube closed wdth a silver cap in 
immediate contact with the ether. 

WET AND DRY BULB HYGROMETER 

Two thermometers arc arranged on a stand ; 
one is exposed to the air, and the bulb of the 
other is wrapped round with a cloth that is kej>t 
moist by dipping at its lower end into a small 
vessel of wuter (Fig. 193). The drier tlu^ air, 
the more ra])id]y w'ill evaporation take place from 
rhe wet bulb and the low'er will be its tempera¬ 
ture. By reading the two tem})eratures an esti¬ 
mate may Ixj made of the hygrom(*dric state, 
tables for the reduction of the readings liaving 
been found by trial, using a Kegnault’s hygrometer met rs. 
for comparison. Such a table is given on p. 38S. 

The instrument, though used extensively by meteorologists, is 
not of direct scientific value. 

CALCULATION OF THE MASS OF AQUEOUS VAPOUR PER 
LITRE OF THE ATMOSPHERE 

A litre of hydrogen at 0* C. and pressure 760 mm. Hg. weighs 
0*09 gm. At a pressure / mm. Hg. and a temperature C., its 
mass would be 
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Now we have aqueous vaj)our at a pressure/luin. llg. when measured 
at a temperature 0. (the dew point). A(jueous vapour (1I>,0) 
is nine times as dense as hydrogen (H^) under similar conditions. 
Hence the mass of aqueous vapour present per litre is 


0-81 


f 273 


It is contended sometimes that the atpieous va])our is }>rcsent at 
a ]»ressure/’mm. at the temperature of the air, in wliich ease in 
the above expression should i>e replaced by t the air ttunperatun;. 
Either method may be adoi)te(l for the calculation, the percentage 
error, if any, due to using cither ex}>ression being much less than 
the percentage error of experiment in determining/. 

The mass of acpieous vaj>our per litre can be determined also 
by chemical means, by aspirating a known volume of air through 
weighed drying tubes and finding the mass of aqueous vapour 
absorbed by these. 


■ Wkt and Dry Bulb Hyouometer 

The first vertical column gives the temperatiiro of the dry bulb therino- 
nieter. The first horizontal line gives tlie ditforeiR'e ))t;t\t«‘en t]»(3 two 
thermometers. The remaining figures give the actual vapour pressure in 
mm. at the time of observation. When the air is saturated tiio diU'erciice 
between the thermometers is zero, and the second vertical column gives the 
saturated vapour pressure. 
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ADDITIONAL EXERCISES IN HEAT 


X, Determine the fixed j'oints of the thermometer provided, and use it to 
tind the medting point of tiie given solid. 

2. Determine the temperature of the room by means of an ungraduated 
thermometer, iee and stcjam. 

li. Standardise the given thermometer and use it to find at what teni^iera* 
ture tlie given substance coagulates when heate<l. 

4. Find the mean coellicient of expansion of the given lifprid between 
20° G. and C., and also between 30° G. and 40° G. 

5, Find the boiling j'oint of a liquid, and determine the change in the 
boiling point produced by adding 10 j)ercent by weight of a solid. 

C. Find tlie (hmsity of water at 20° G., 40° G., and 60° G., being given the 
coellicient of cubical expansion of glass. 

7. Find the density of the given liquid at 20° G., 40° C., and 60* C. by 
means of a hydrost.itic balance. Determine whether the coellicient of ex¬ 
pansion between 20° G. and 40° C. is the same as tliat between 40° C. and 60° G. 

8. Find the coellicient of ajmarent expansion of the given liquid, using a 
bulb of known volume to which is attached a tube of known diameter. 

9. Find the tenqierafcure coefficient of increase of pressure of air at constant 
volume between the melting point and the boiling j>oint of water. 

10. Plot a graph showing how the pressure of the given volume of air 
varies with the temperature as indicated by a mercuiy thermometer. 

11. Find the water equivalent of the given calorimeter. 

12. Find the thermal capacity of the given mass of metal. 

13. Find wliat would be the water equivalent of a calorimeter, weighing 
150 grams, made of the ffiveii metal. 

14. Find the specific heat of a liquid, being given that of a solid which 
has no chemical action upon it. 

15. Find the specific heat of paraffin oil by adding ice. 

16. Find the specific heat of the given liquid by condensing steam in it. 
Latent heat of steam ==540 calories per gram. Neglect heat of dilution. 

17. Having been given a known weight of water in a calorimeter of known 
weight, condense steam in it, and find from thermometric observatiouvs the 
weight of steam condensed, assuming the latent heat of steam to be 637 
calories per gram. 

18. Heat the given vessel of water over a Bunsen burner and find the 
time taken for the temperature to rise from 40° G. to 80° G. Now boil the 
water for a measured time, and deduce an approximate value for the latent 
beat of steam. 
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19. Coni]>are Mm rates of cooling at a given temperature of the blackened 
and silvered test-tubes when filled with warm water. 

20. Plot a cooling curve for a calorimeter containing a known amount of 
water. Calculate the mindmr of calories lost ])er second vheii the tempera* 
ture of the calorimeter is 20'' above that of its surroundings. 

21. Find the mass of a(pie()us vajxmr in 1 litre, of air in the room. 

‘22. Determine tljc dew ]^oint by two dilferent methods. 

2 b Being giv(m the coelfl<*ient of thermal conductivity of the metal bar 
determine the temi)erature at the marked point without using a, thermometer 
at that point. 

24. Det(u-mine the coefTieicnt of thermal conductivity of a sheet of ebonite. 

2.^). Compare the coeflicients of thermal conductivity of ebonite and card¬ 
board. 

26. Find the coellicient of thermal conductivity of porcelain in the fonn 
of a tube. 



PAET \ 

MAGNETISM 




CHAPTER 1 


FUNDAMENTAL ITiOPEKTIES AND I.AWS 


§ 1. Fundamental Properties and I)EFiNrTioNS 

Magnets are characterised by their power of attracting small 
particles of iron, and by the property of setting in a definite 
direction when suspended so as to be able to turn freely. When 
a magnet can turn about a vertical axis, a certain direction fixed 
with regard to it becomes parallel 
to a direction fixed with regard 
to the earth. The first direction 
is that of the Magnetic Axis 
of the magnet, the second that 
of the Magnetic Meridian. A 
magnet of any shape usually be¬ 
haves as though forces of attrac¬ 
tion or repulsion originated from 
two points or regions in its sub¬ 
stance, which may be termed 
its poles. The pole which points 
towards the north is called the 
North (or north-seeking) Pole, 
the other the South (or south-seeking) Pole of the magnet. 
North polarity is usually taken as positive, South polarity as 
negative. Unlike poles (poles of opposite sign) attract, like 
poles (poles of the same sign) repel one another. 

Definition of Unit Pole. —The unit magnetic pole is that pole 
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which repels an equal and similar ])ole at a distance of 1 cm, 
from it, in air, with a force of 1 dyne. 

The streng-th of the magnetic held at any point is determined 
by the force in dynes acting on a unit north polo placed at that 
point. This is sometim(‘s called the magnetic force ^ or the 
magnetic intensity at the point. The latter expression is not 
to bo recommended as it is liable to be confused with intensity 
of magnetisation. Magnetic force is a Vector (piantity (p. 64). 

Note that magnetic force is a quantity of a different kind 
from a mechanical force ; it is measured, 
not in dynes, but in dynes per unit 
pole or gausses. 

The magnetic moment M of a magnet 
is the moment of the coujde required to 
J'oW tl.e mugnet with its axis at right 
angles to a magnetic field of unit in¬ 
tensity. The magnetic moment of a simple magnet is ecjual to the 
})roduct of the j)ole strength w and the distance between the poles. 

M-mxNS. 

§ 2. Plotting Magnetic Fields 

A line of magnetic force is a line drawn in a magnetic field, 
such that its direction at any point of its length is the direction 
of the resultant magnetic force at that point, ie. the tangent to 
the curve points in the direction in which a si/iall magnet would 
set itself if placed at that point. The 2 Positive direction of a line 
of force is the direction in which a loorih pole would be urged. 
Lines of magnetic force may be regarded as starting from north 
magnetic poles and as ending at south magnetic poles. They are, 
however, regarded generally as passing completely through the 
substance of the magnet so as to form closed curves. 

^ Some writers object to the terra * magnetic force/ as there is a risk of its 
being confused with ordihary mechanical force. It has, however, the sanction of 
Maxwell’s classical treatise, and is less cumbrous than ‘strength of magnetic held.* 
If regarded as a compound expression, magnetic-force, it is easy to distinguish it 
from a mechanical force. 
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Lines of magnetic force in air may Le traced expenmen tally 
in two different ways, by means of iron filings or by means of a 
compass needle. 

Exrr. 181. Plotting Magnetic Fields with Iron Filings.—• 

A sheet of glass is supported in a horizontal position on two 
strips of wood placed on the table, and one or inoi-e magnets 
are arranged ImOow it. A sheet of paper is then placed on the 
glass, and fine iron tilings are dusted on to the ])aper through 
a piece of muslin. Jf the glass is ta])ped gently, the tilings will 
arrange themselves in the direction of the lines of force. 

If a permanent record of th(‘- lines is desin^d, it can be 
secured by using a j)iec.e of paper whicth has been soaked in 
paraffin wax. On gently warming the glass }Iate the filings 
adhere to the^ paraffin. Another method is to o])tain a photo- 
gra})h of the filings, using a camera pointing vertically down^ 
wards; or a j)rint on ‘blue’ paper (‘an be obtained (‘.asily by 
using a sensitised pa])er to receive tht* filings and afterwards 
exposing and developing in the usual way. 

PLOTTING LINES OF MAGNETIC FORCE WITH A 
COMPASS NEEDLE 

It is most instructive to plot the linos of magnetic force in 
various cases, using a small compass needle. The ‘charm’ com¬ 
passes, in which both the top and bottom face ai’e of glass, are 
most convenient foi* this purpose. Such compasses should be 
handled by the rim and not by the glass faces. 

A large sheet of drawing paper should })c fixed to a drawing 
board, and the latter placed so that one edge may be coincident 
with the edge of the table. By this means it may be replaced 
in the same position if it should be moved accidentally in the 
course of the experiment. 

Place the compass on the paper, and when it has come to 
rest make a dot with a pencil opposite each end of the needle. 
Then shift the compass so that the S. pole lies just above tlie 
dot which was near the N. pole, and make another clot near the 
new position of the N. polo. Repeat this process, so that a row 
of dots is marked on the pa[)er. Draw a freehand line passing 
through the row of dots. This will represent one line of mag- 
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netic force. Eepeat the process about 2 cm. from this line and 
obtain a second line. In the same way draw a third line of 
magnetic force about 2 cm. from the second. If the magnetic 
field is due to the earth alone, the three lines thus obtained 
should be approximately straight and parallel to one another, 
since in the comparatively small space occupied by the drawing 
board the earth’s field may be considered uniform. 

If the field is plotted in the vicinity of any magnetic matenai 
or near to a conductor carrying a current, the field obtained is 
more complex in character than that just described. The linos 
of force olitained will re])resent the resultant field due to the 
superposition of the field of the earth and the field of the mag¬ 
netic material or of the. current. The lines of force will be 
curved in various ways, depending on the nature of the fields 
and on the manner in which they are superposed. 

Lines of force starting close together will diverge considerably 
at points along their lengths, and may converge again where 
they re-enter the magnetic material. As the lines diverge the 
field is weakened, and some idea can be obtained of the relative 
intensity of the field at various points by noting the extent to 
which two lines, originally close together, have diverged by the 
time they have reached the points in question. 

It is important to remember that lines of magnetic force 
cannot cross one another; for, if they did, the magnetic force 
at the point of intersection would be in two different directions 
at the same time. In general, there will be a line of force 
passing through any point chosen; there are, however, excep¬ 
tional cases in which the lines of force seem to avoid certain 
points, and no line will be found to pass through these points. 
If there is no line of force passing through a point, the magnetic 
force at that point is zero. Such a point in a magnetic field 
is called a neutral or a null point. 

In the neighbourhood of such a point the magnetic field is 
extremely weak, and it is therefore difficult to determine the 
direction in which the compass needle tends to point. Accord- 
ingly when a neutral point is suspected, the lines of force 
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should first of all be plotted at some distance from it, where 
the field is stronger, and afterwards the lines plotted should 
approach nearer and nearer to the neutral 
point. It is wijmsihle to frnd the neutral 
foint hy fimluiy the 'place where the needle 
will point in any direction, 

A neutral point is enclosed generally 
by four sets of lines of force, forming 
a curvilinear <piadrilateral. By continu¬ 
ally diminishing the size of the quad¬ 
rilateral the position of the neutral point 
N can be found with considerable ac¬ 
curacy. It will be shown later how information of importance 
can be obtained by finding the position of such a point in certain 
particular cases. 

Expt. 185. Plotting the Lines of Magnetic Force due to 
the Earth’s Field. —To find tlie character of the lines of 
magnetic force due to the earth’s field, select a position at a 
distance from iron girders, pipes, or stoves, and remove all 
magnets, or masses of iron, from the neighbourhood. Starting 
from one edge of the paper, obtain a row of dots as described 
above. In the absence of disturbing magnets these dots 
should lie nearly on a straight line. Starting again about 
2 cm. from this line, repeat the process and obtain a second 
line of force. Draw about half a dozen lines in this way, and 
verify the hxct that the field is approximately uniform hy 
showing that the lines arc nearly straight and parallel. The 
direction thus obtained is the direction of the magnetic 
meridian at the place where the experiment is carried out. 

Expt. 186. Plotting the Lines of Magnetic Force due to 
a Bar Magnet and the Earth together. —Place a magnet in 
any position on a drawing board covered vdth paper, and plot 
round it the field due to the magnet and the earth’s magnetism 
together. Before beginning to trace the lines of force, mark 
the position of the magnet on the pai>er so that it can be put 
back in its proper position if accidentally displaced. Some 
judgment is required in choosing the starting-points for the 
separate lines so that they may be neither too widely separated 
nor too closely packed toother. Wherever two lines are 
converging at a small angle to a pair of points close together, 
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it is unnecessary to plot a third line between them in view 
of the fact that lines of force cannot cross. 

In general, tivo neutral points will he found in the field near 
to a bar magnet, for there are two points at which the magnetic 
field due to the magnet exactly connterbalaTiees the earth’s field. 
The position of these two ]>oints relative to the magnet depends 
on tlie position of the magnet relative to the earth’s field, and 
if possible the fi(*]<l of the smme magnet should be plotted with 
the magnet in various positions. Cases of s]>ecial interest arise when 
the magnet occin)ies a symmetrical position with regard to the 
magnetic, meridian, i.e. when it is ])erpendicular or j)arallel to the 
lines of force due to the earth’s field. It is suggested that the field 
should be jfiotted in each of these positions, and also in one or two 
positions whcu’c the magnet lies unsymmetrically across the earth’s 
lines of force. 

FIELD DUE TO A SINGLE POLE IN THE EARTH’S FIELD 

It is sometimes desirable to be able to experiment with 
a single magnetic pole, and for this purpose it is convenient to 
make use of a very long (50 to 100 cm.) ball-ended magnet, so 
that the second pole may be placed* so far away from the place 
where the test is being made that its effect may be neglected. 

Expt. 187. Field due to a Single Pole in the Earth’s Field. 

—For the present experiment, support the magnet in a stand of 
wood with its axis vertical. Let the lower pole rest on a sheet 
of drawing paper fixed to a horizontal drawing board. Plot 
the lines of force due to the combined action of this pole 
and the horizontal component of the earth’s magnetic field. 
Determine carefully the position of the neutral point, and 
measure the distance (r cm.) between this point and the pole. 

Since the magnetic force due to a single pole varies inversely as 
the square of the distance from the ])ole, the magnetic force due 
to the pole of strength But at the neutral point this 

is equal to H, the horizontal component of the earth’s field. Thus 
7nlr^ = H, or vi — Assuming H to be known, m can be 

calculated. In London, H may be taken as 0*185 C.G.8. units. 

FIELD DUE TO A BAR MAGNET IN THE EARTH^S FIELD 

Position L—The magnet is placed on a horizontal surface 
with its axis in the magnetic meridian and its north pole 
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pointing to the north.. In this position there is a neAftral point 
on either side of the magnetic axis, where the horizontal 
component due to the earth’s magnetism is balanced exactly by 
the magnetic force of the magnet. 

If the bar is magnetised uniformly its poles will be equi¬ 
distant from the centre. The poles of a bar magnet are not 
at the extreme ends of the bar. Their positions must be found 
experimentally by drawing the lines of force near the ends of 



Pin. 197.—PoUw of Bar Magufit. 


the bar and determining the points where the directions of the 
lines approximately meet (Fig. 197). The neutral points will lie 
in a line drawn through the centre, midway between the two 
poles at right angles to the length. 

Let P represent the position of a neutral point at a distance cl 
sm. from either pole (Fig. 198). 



i 


Pio. 198.—Neutral Point in the Earth's Field. 

The magnetic force at P, due to a pole m at N, is equal to m/d^ 
along NP. The magnetic force due to a pole - m at S is equal 


o 
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to mjiP along P8. The result,ant of these two magnetic forces 
is evidently pc*r]>en<licular to OP, and its inagnitiide is 


F 


2 = 2 


m I _ ivr 

d~d^^ 


since M, the magnetic moment — 2 rnl. But P is a ‘ neutral point j 
therefore at P 

F-H, 

the horizontal intensity of tlie earth’s field; 

•* 

or 

Exr»T. 188. Determination of the Magnetic Moment of a 
Bar Magnet, Neutral Point Method I. —Plot the lines of force 
due to a bar magnet by means of a small (rompass, when the 
magnet is placed in tlie magnetic meridian with its N. pole 
pointing towards the north. Determine the })osition8 of tlie 
neutral points as accurately as possible, and measure the 
distances from the poles. Calculate the magnetic moment of 
the magnet from the equation 

In London, H maybe taken as 0-185 C.G.S. units; d must 
be in centimetres. 

Measure the distance betAveen the two }>oles, and deduce 
the pole strength ?/i of the magnet. 


Position 11.—The magnet is placed in the magnetic meridian 
with its N. pole pointing towards the south. Two neutral points 
will be found somewhere on the axis of the magnet produced. 
If the mean distance of a neutral point from the centre of the 
magnet be r, the magnetic force due to the magnet is in this case 
2M 

F=-—, approximately (p. 415). Consequently at a neutral 


point 


^ = S. 


M= 


Hr« 


and therefore 
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Expt. 189. Determination of the Magnetic Moment of a 
Bar Magnet, Neutral Point Method II. —Place a bar magnet 
with its axis in the magnetic meridian, and its N. pole pointing 
towards tlie south. Plot the lines of magnetic force, using a 
small compass, and find tlie ]positions of the neutral points. 
Measure the distance from each neutral point to tlie centre of 
the magnet, and deduce the value of the magnetic moment. 

Position III. —The magnet is placed in any position in the 
magnetic field of the earth. Two neutral points will be found 
symmetrically situated with regard to the centre of the magnet. 
The resultant magnetic field may be regarded as due to three 
forces: one due to the earth, which is supposed known in direc¬ 
tion and magnitude, and two due to the magnetic poles in the 
direction of the lines joining the point to the poles. If the point 
in question is a neutral point, these three forces must be in 
equilibrium. By resolving the forces in a direction parallel to 
the earth’s field we can obtain an expression for the strength of 
a magnetic pole in terms of distances and angles which can all 
be measured from the diagram. 

If the magnet lies in some such position as is shown in Fig. 199 
(the axis east and west is convenient), the neutral points will be 
found as at A and B. 



Draw a line through A pointing towards the magnetic north. 
Join AS(?"i) and AN(r2). If the angles made by AS and AN with 
the magnetic meridian at A are 0^ and 0^ respectively, and m is the 
pole strength— 
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F--r2cos6>j--.jcos«j,, 

and r==H = 0-185 (in London). 

By measuring and and m can he calculated. 

The proof of this expression is left as an exercise for the 
student. 

Expt. 190. Determination of the Magnetic Moment of a 
Bar Magnet, Neutral Point Method III.—Place a bar magnet 
with its axis east and w'cst. Plot the lines of magnetic force, 
and find the positions of the neutral points as accurately as 
})ossil>le. Measure and n„ 0^ and 6 ^ 0 , for ench neutral point, 
and deduce the value of m, the pole strength in each case. 


§ 3. Magnetic Axis and Magnetic Meridian 

When a magnet is suspended so that it can turn freely about 
a vertical axis, a certain direction fixed with regard to the 
magnet tends to become parallel to a certain direction fixed with 
regard to the earth. Tlio direction fixed relatively to the magnet 
is the direction of the magnetic axis of the magnet; the direc¬ 
tion fixed relatively to the earth is the direction of the magnetic 
meridian. In the case of a long, thin magnet, the magnetic 
axis may be taken to correspond with the direction of the length 
of the magnet, but in the case of a broader magnet—an ordinary 

har magnet—it is not allowable to 
assume that the direction of the mag¬ 
netic axis coincides with the direction 
of symmetry. The following experi¬ 
ment illustrates the method used in 
magnetic observatories for determining 
tlie magnetic axis of a magnet and the 
magnetic meridian. 

In order to take an extreme case, we 
d' construct a magnetised disk whose mag¬ 
netic axis is quite unknown. To do 
this, a light bar magnet is enclosed in a 
flat circular wooden box, so that its position is concealed entirely. 
A reference line is traced on each flat face of the box, joining two 
points, A and B, which are at opposite ends of a diameter (Fig. 



Pia. 200.—Magnetised Disk. 



CH. I 


FUNDAMENTAL PROPERTIES AND LAWS 


408 


200). Tho problem is to find the angle between tbe axis of the 
concealed magnet (or of the whole disk) and this reference line. 

Expt. 101. Determination of the Magnetic Axis of a 
Magnet and the Magnetic Meridian at any Place, —The 

magTietised disk is suspended from the centre of one face by a 
fine thread, which should be as free from torsion as possible. 
If tho thread is not torsionless there will be a couple acting on 
the disk due to the torsion of the susixjnsion, and the position 
of rest of the disk will l)e determined by the action of this 
couple in addition to the magnetic couple duo to the earth’s 
field, A sheet of paper is fixed horizontally, immediately 
below but not in contact with the disk. The position of the 
reference line when the disk has come to rest must bii marked 
on the paper. It is not necessary, however, to wait till the 
plate comes to rest of its own accord. Notice the positions of 
the extremities of its swings, and then gently check the motion 
halfway between these two positions. In order to mark the 
position of rest of the reference line accurately on the paper, it 
is convenient to have a metal pointer fixed to the circumference 
of the plate at each end of the line. A line such as A'B' is 
thus obtained on the paj>er. 

The plate sliould then be turned upside down and suspended 
from the opposite face, and the new position of the reference 
line determined; let this be A"B" (Fig. 201), 

No lines should be drawn on the plate itself. 


In this way two lines, A'B', A''B", are obtained on the paper, 
these lines being inclined to one another at a definite angle. A 
little consideration will show that the direction 
of the magnetic axis must bisect the angle 
between the two lines, for the magnetic axis 
coincides with tho fixed meridian, and the 
reference line must be at the same angle with 
the meridian on one side in tlio first case, as it 
is on the other side in the second case. 

As there are two bisectors between the lines 
AA' and BB' it is necessary to determine which 
of the two coincides with the meridian, 

Tho points A' and A" were made by the 
same pointer A, one for each position of the 
plate. Similarly B' and B" were both made 
by the pointer at B on the plate. Thus in reversing the plate and 
allowing it to take up its second position of equilibrium, it havS 
virtually been rotated about the diameter passing midway A' and A", 



Fio. 201.—Magnetic 
Meridian. 
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and B' and B". Henc^e the line iuark(‘d NS in tlio diagram bisect¬ 
ing A'OA'' and B'OJi" is the inagiictic axis of tlio plate and the 
magnetic meridian. 

Measure witli a protractor the angle between the lino on 
the paper re[)resenting the magnetic axis (or the magnetic 
meridian) and the reference line A'B'. 

JMeasure also the angle between the magnetic meridian and 
some line fixed in the room such as the edge of a laboratory 
table. 


g 4. Tractive Force for a Bar Magnet 

Measurements of the ti-active force at different points in the 
length of a magnet were made by Coulomb. lie observed the 

weights of iron which could 
be supported at the points. 
His results may be repre¬ 
sented by a curve of the 
form shown in Fig. 202, in 
which the ordinates are pro- 
^ ^ ^ portional to the force at 

Pio, 202.—Tractive Force of liar Magnet. , • i. • xi. i 

different points m the length. 
If the distribution of magnetism is uniform the curve is sym¬ 
metrical about C, the centre of the magnet, 

Expt. 192. Determination of the Distribution of Tractive 
Force along a Bar Magnet. —Mark off the magnet into, say, 
10 equal parts, and place it on a levelling table beneath the 
scale-pan of a ‘ hydrostatic' balance. From tlie hook of the 
scale-pan suspend a small iron ball. Adjust the levelling table 
so that the pointer of the balance is near the middle of the scale 
when the ball is in contact with the magnet, and then find the 
weight that must be placed in the other scale-pan in order to 
separate the ball from the magnet. Repeat the observation with 
the ball at different points marked in the length of the magnet. 

The attraction depends largely on the closeness of contact 
between the ball and the magnet ; any grease or dirt between 
them may diminish the force by several grams-weight. The 
hall may be rubbed slightly across the breadth of the magnet 
in putting it into position, thus removing any dirt and ensuring 
greater consistency in the observations. 

In order to present injury to the balance when the iron ball 
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leaves tlio magnet, the weights must V>o added very carefully, 
and wooden blocks must be placed under the scale-pan contain¬ 
ing them, so as to limit the movement of tlie balance. 

Determiiio the weight of the ball when the magnet is not 
near it. This weight must be subtracted from the weights 



observed in the previous observations, so as to give the force 
due to the attraction of the magnet. 

Plot a curve showing the attraction at different points in 
the length of the magnet. 

Instc'ad of using a hydrostatic balance in this experiment, a 
spring balance may be employed. In this case the levelling table 
may be lowered, or, keei)ing the magnet fixed, the spring balance 
may be raised gently till the ball leaves the magnet. The reading 
of the spring balance must be taken just as the separation occurs. 

CARE OF MAGNETS 

General weakening or demagnetisation of magnets can be 
produced by mechanical shocks or rough treatment of any kind, 
also by heating or by placing magnets close together without due 
regard to their polarity. Consequent poles can be produced by 
bringing a strong magnet close to the side of a weaker magnet. 
When not in use bar magnets should be kept in pairs in suitable 
boxes, with opposite poles adjacent and with ‘keepers’ bridging 
the poles at each end; horse-shoe magnets should also be 
provided with keepers. The keepers should be applied gently 
and not allowed to ‘snap’ into position against the poles. Ball- 
ended magnets may be kept in pairs with opijosiu poles in contact. 






CHAPTER ri 


MAGNETOMETRY 

§ 1. Thk Deflection Magnetometek 

In its simplest form the magnetometer consists of a pivoted or 
suspended magnetic needle, free to turn about a vertical axis, and 
provided with a circular graduated scale for measuring deflection. 
The needle and circular scale are contained usually in a case of 
wood or of brass, provided with a glass top, through which the 



Fig. 204.—Deflection Magnetometer. 


reading can be taken. A long, light pointer pf is fitted to the 
needle, so that the movement of the needle may be measured 
over a circle of large diameter although the needle itself is small; 
the circle is usually large enough to give readings accurate to 
about P of angle. In order to avoid parallax in reading the 
position of the pointer, the base of the magnetometer is provided 
generally with a plane mirror. In taking a reading, the eye of 
the observer must be placed in such a position that the reflection 
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of tlie pointer is hidden hy the pointer itself; the observer will 
then be looking straight down on the scale, and the true reading 
will be obtained. 

For very accurate work a mirror magnetometer is used in 
conjunction with a lamp and scale. In this form there is a 
mirror fixed to the needle, a beam of light from the lamp strikes 
this mirror, and the motion of the reflected beam over the scale 
is used to measure the deflection of the needle. The beam of 
light serves as a long weightless pointer, the angle it turns 
through being twice the deflection of the needle (p. 232). 

The magnetometer is usually set up so that the zero reading 
is obtained when the needle is under the influence only of the 
horizontal component H of the earth's magnetic field. A second 
field of strength F, in a direction at right angles to H, is then 
applied to tlie needle, say by means of a magnet placed in the 
neighbourhood of the instrument. The pointer is thus deflected 
through an angle 0. By measuring this angle we can determine 
the relation between F and H. For this purpose the following 
important theorem is required ;— 

When a magnet is placed in a magnetic field due to the 
suj)erposition of two mutually perpendicular magnetic fields 
both of which are uniform, its position is determined by the 
relation F dynes per unit pole 

~=:tan e, 

where F and H are the 
strengths of the magnetic 
fields and $ is the angle 
between the axis of the 
magnet and the direction 
of the field 11. 

Let NS (Fig. 205) re¬ 
present the magnet, whose 
pole strength is m. The 
N. pole is under the action of two forces, viz. mil dynes parallel to 
H, and mF dynes paralle to F, The S pole is under the action 
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of equal forces in the contrary sense. These forccKS constitute 
couples which ketq> the magnet in a position of equilibrium. 

Taking moments about the centre O of the magnet we get 

mF X X OB, 

^^OB^AN 

H 07\. OA 

— tan 

and consequently F == H tan 0. 

Thus if we know the ratio of F to II, wo can calculate the 
angle ^; and if we know the strength of the field H arid can 
observe the angle 0, we can deterniino the strength of the field F. 

In most experiments with the magnetometer the field F is 
only approximately uniform. For this reason it is important 
that the needle of the magnetometer should not be too long. 
If the needle is short only a small error is introduced by treating 
the field F as a uniform field. 

§ 2. Comparison of Magnetic Fiei.ds by the Magnetomicter 

Expt, 193. Field due to a Single Pole. —Determine the 
direction of the magnetic meridian by means of the magneto¬ 
meter needle. Place a metrr* scale on the table at right angles 
to the meridian, and put the magnetometer box on the scale 
so that the centre of the box is directly above the central 
division of the scale. Carefully adjust the box and tho metre 
scale so that the pointer is at the zero division, and the scale 
points exactly east and west (magnetically).. In some forms of 
magnetometer the metre scale is fitted permanently (All, Fig. 
204). 

In this experiment the long ball-ended magnet described 
previously (p. 398) should bo used. As the intention is to 
examine the effect of one pole oidy, the second })ole must be 
placed in such, a position that it will have no effect on the 
reading of the magnetometer. This can be done by supporting 
the magnet vertically in a wooden stand. 

The upper pole of the magnet is at a considerable distance 
(approximately 1 metre) from the magnetometer, while the lower 
pole is seldom used at a distance greater than 20 cm. from the 
magnetometer. In the extreme case, therefore, the magnetic force 
due to the U[)per jx)le is not greater than 4 per cent of the force due 
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to tlie lower polo. By j facing tlio magnet vertically, tlie horizontal 
coni})oiu‘iit of the force due to the u]>])cr pole at the magnetometer 
is reduced to about -Jth of tlie total force due to it when the 
distance of the magnetometer is greatest. 

The extreme value of the hori¬ 
zontal force due to tlie upper jxjle 
is thus reduced to less than 1 
per cent of the force due to the 
lower ])ole, an error which is 
inucli below the probable errors 
of reading. 

If the magnet is tilto.l some- soo.-rieia due to single Pole, 

what so as to bring tlie ui)[»er 

pole over the middle of the magnetometer (Fig. 206), any horizontal 
force due to it may be quite eliminated, though this is not absolutely 
necessary, as will be seen from tlie aliove. 

The first pole of the magnet must be on the metre scale, so 
that its field at the magnetometer lii^s east and west. In this 
position it will produce a magnetic force F = m h'- at the centre of 
the magnetometer, if vi is the strength of the polo and r its 
distance from that centre. Consequently a dcfiection 0 will be 
produced, given by F —H tan 6, or —H tan 6, Hence 

tan ^ = ?/i/H = a constant lor the particular strength of pole 
under test. 

Consequently, if wc take a series of readings of r and 9, 
reading both ends of the pointer, we should find that tan 0 
is constant. 

Tabulate the results under the headings : r, tan Oy tan 6. 

If the numbers in the last column of the table are approximately 
constant, the result may be regarded as a \eriiication of the law 

that the magnetic force due to a single pole varies inversely 
as the square of the distance from the pole. 

Expt. 194. Field due to a Bar Magnet. —Place the magnet, 
which should be a short bar magnet strongly magnetised, on 
the metre scale with its axis i>ointmg east and west. In this 
* end-on^ position it will produce a magnetic field at the magneto¬ 
meter i>oiiiting east and west, and of the approximate strength 
F = 2M Jr'^y where M is its magnetic moment and r is the distance 
from the centre of the magnetometer to the centre of the 
magnet. This is only true provided the length of the niagnet 
is small in comparison with the distance r. 

The magnetometer needle will be deflected through an 





410 


A TEXT-BOOK OF PEACTIOAL PHYSICS 


FT. V 


angle B given by F = H tan B^ so that 2M/r^ == H tan B. Hence 

tan 6^~2M/II = a constant for the particular nuignet under 
test. 

Note tlie distance r and read the deflection B for both ends 
of the 2 >ointer. Now turn the magnet end for end, keeping its 
centre at the same jjoint, and bike two more readings. Take 
the mean of these readings as the true deflection. Tabulate 
the results under the headings: r, B^ tan B^ tan B. The 
values obtained in the last column will be a 2 > 2 )roximately 
constant. 

This shows that the strength of the field along the axis 
of a short bar magnet varies inversely as the cub© of 
the distance from the centre of the magnet. 

§ 3. Comparison of Magnetic Moments by the Magneto¬ 
meter. Elementary Treatment 

In the first instance an elementary discussion of the 
comparison of magnetic moments is given, on the assumption 
that the lengths of the magnets compared arc small enough to 
be neglected in comparison with the distance from a magnet to 
the magnetometer. 

Expt. 195. Comparison of Magnetic Moments, using the 
* £nd-on * (or A) Position. —Iflace the magnetometer box on 
a metre scale laid flat on the table, so that the centre of the 
magnetometer coincides with the centre of the scale, the 
zero line of the magnetometer pointing exactly along the 
length of the metre scale. Turn- the scale round till it 
points east and west, as judged by the magnetic needle of 
the magnetometer. 

(L) Method of Tangents, or Method of Equal Distances. 

—Place the first magnet (magnetic moment M^) with its 
centre at a definite division on the metre scale and with its 
axis pointing east and west. The distance from the 
magnetometer must be large compared with the length of 
the magnet, but must not be so large as to give a very 
small deflection of the needle. A deflection anywhere 
between 15® and 56° would be suitable. Take readings 
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of l>oth ends of the needle, taking care to avoid errors 
due to parallax. Iteverse the magnet, end for end, 
keeping its centre at the same graduation as before, and 
again read the position of the needle. 


N 

A 



I 

I 

I 

G 

Fio. 207.—‘ End-on * Position. Method of Tangenta. 

Now repeat the observations with the magnet on the 
other side of the magnetometer at the same distance from 
it. Lot the mean of all the readings be dy 

Take readings in exactly the same way with the second 
magnet (magnetic moment M 2 ), placing the centre of tlie 
magnet in the j)ositions occupied by the centre of the first 
magnet. Let tlie mean of all these readings be 9,^ 

Then, approximately, 

Ml _ tan 0^ 

Mg tan ^2 

2 M 2 M 

For Fj = \ Fg = ^ 3 and Fj =* T £ tan 9y and Fg = H tan 9^ 

tan 9i 
M 2 tan ^ 2 * 

(ii.) Method of no Deflection. —In this method the two 
magnets are used at the same time, one to the east, the other 
to the west of the magnetometer, and their distances from 
the magnetometer are adjusted till there is no deflection 
of the needle. Measure the distances rg, from the 
centre of the magnetometer to the centres of the magneta 
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Reverse the magnets, keeping r, unaltered, and readjust 
the second magnet till no dellection is given : may now 



2/g- 


■E3E 


Fio. 20S.—‘End-on Position. Metlio<l of no Deflection. 


have a slightly different value. Take the mean of the two 
values of 

Then, approximately, 


For r, = ^-S and 

F = F ^ 

^ 1 ~ 2 > 


M. 

2M. 




r, 


3 -, and since the deflection is zero 


2 

M, 


Expt. 196. Comparison of Magnetic Moments, using 
the -Broadside-on* (or B) Position.—Turn the metre scale 
till it lies in the magnetic meridian, the magnetometer 
box being still at the centre of the scale. In order that 
the pointer may still point to the zero of the circular scale 
the box also must be turned through a right angle on the 
metre scale. 

(i.) Method of Tangents, or Method of Equal Distances. 
—Place the first magnet on the metre scale with its axis 
pointing east and west, and read the position of the pointer. 
Reverse the magnet end for end and again take readings. 

Repeat the observations with the magnet on the other 
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side of the nuignetometer at the same distance from it. 
Let the mean of all the readings he 0^. 

Take readings in the same way with the second magnet 
at the same distance from the magnetometer, and let the 
mean he 0^. 

N N 

f—1—I rT“i 



s S 

Fifi. 209 .—* Broadsido-oti' Position. Pig. 210 .—' Bi-ondside-oii * Position. 

MetlKsi of Taiigtiiits, Method of no Deliection, 


Then, approximately, 


M 2 tan 0^ 


M. 


ForF, = ^^l.audF,= 


M. 


2 andF,: 


H tan dj, and Fj = H tan 0 ^ 


Mj _ tan 01 ^ 
Mg tan 0 ^ 
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(ii.) Method of no Deflection. —One magnet is placed to 
the north, the other to the south of the magnetometer, and 
their distances, from the magnetometer are adjusted 

till there is no deflection of the needle (Fig. 210). Reverse 
the magnets, keeping constant, and take the mean of 
the values of Both magnets must be pointing east 

and west. 


Then, approximately, 


M,-r/ 


For Fj and Fg are equal, and 




Ml F . 


^ 3» 


• • A. :i “ y :r 

Thus there are in all four different methods of making the 
comparison, two in the ‘ end-on,’ two in the ‘ broadside-on ’ 
position. In all cases the axes of the magnets under ex¬ 
amination point east and west. 


§ 4. Comparison of Magnktic Moments by the Magneto¬ 
meter. More Advanced Treatment 

A. Magnetic Force at a Point on the Axis of the Magnet— 
• £nd-on ’ Position. —The magnetic moment of a magnet length 



^ -^- 

Fio. 211.—* End-on * Position. 


21, poles + m and - tti,, is 2lm - M. The force at P on unit north 
magnetic pole is 

m _ m 


repulsion from N, 
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attraction towards 8 . 

The resultant magnetic force at P is 


(r- 6 ^ (»•+> 

_ m4rl 2Mr 

= p-r72)2"" (r^rzT^p* 

When r is large compared with I the term in F' may be 
neglected, and the expression becomes 

2 M 

F = - 3 - (approximately). 

B. Magnetic Force at a Point in the Equatorial Plane 
of the Magnet—‘Broadside-on’ Position. . 

—In this case the j)oint P is in a line \ 

bisecting the magnet at right angles (Fig. _ \ p 

212 ). The components of the magnetic 7 \ 

force at P are 7 ///NP- along NP and w/SP^ /1 \ 

along PS. ■ / ^ \ 

Each of these components, which are / \ \ 

equal in magnitude, may be resolved into / ! \ 

forces along and perpendicular to OP. The | 

forces in the direction OP balance one S ^ O N 

another. The forces at right angles to OP „ ^ 

® ® Fia. 212.—* Broadside-on 

give Position. 


r = JrL cos PNO + rro„ cos PSO = 

MP- 8P^ 

M 

X V=^-r 


2mi ON 2jtd M 
= NP‘^ NP " NP^ "" 


approximately, when r is large compared with I, 

We compare the magnetic force F due to the magnet with 
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the horizontal force H of the earth bj the expression F = H tan $ 
(p. 407). We assume that the needle of the magnetometer is 
riO small that the field in its neighbourhood may bo considered 
uniform. 

The foregoirig results provide four different methods for 
comparing the magnetic moments of two magnets by means of 
the magnetometer. For further experimental details see the 
elementary treatment (p. 410). 

Expt. 197. Comparison of Magnetic Moments, using the 
'End-on* Position (corresponding with Expt. 195). 

(i.) Method of Tangents, or Method of Equal 
Distances. —Place ca<di magnet in turn at the same distance 
r from the inagnetonKitor, arranging the magnet so that its 
axis i^asses tliiougli tlie centre of the needle, and is at riglit 
angles to the magnetic meridian. The deflecting magnet 
must be placed witli its axis pointing east and west. When 
the latter adjustment is secured the magnet j)roduces the 
maximum deflection of the needle. 

Observe the deflections 0^ and pointer in the two 

cases. 

51VT 7 * 

Then = and in this case 

rj = rs; = r (say). 

Hence ^ ^ H tan 

uence H tan 

>1 ^ (r^ — tan 0^ 

If the magnets are of approximately the same length, then 

tan 

M 2 ** tan $2 

Note that r is the distance from the centre of the deflecting 
magnet to the centre of the magnetometer needle. 

(ii.) Method of no Deflection.—Arrange the magnets in 
positions similar to the above, but one on either side of the 
needle. Adjust their distances till there is no deflection of 
the magnetometer needle. 

[f rj and are the distances, we have made «Fg, 
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• • {rf^lcf (r^ -l^f M, “ W - W 

Tf r^ and an^ both largo coin[)ared witlj this reduces to 


M^ r,3 


Expt. 198. Comparison of Magnetic Moments using the 
‘Broadside-on* Position (corresponding with Expt. 190). 

(i.) Method of Tangents, or Method of Equal 
Distances.—Place each magnet in turn at the same distance 
r from the centre of the needle and observe the deflection pro¬ 
duced in each case. Note again that the deflecting magnets 
must be placed with their axes pointing east and west. 


Then, generally, 

_ Mj } V ~ ^ 

^ 1 -■ lr/+ ~ (r/T/77r 

In this case = r (say). 

b\^Mi/(r 2 + Zi 2 )«^Htan 0^ 
E.^ M.,/(r 2 H tan' 6 >^* 

M/_(r2 + ^r)5 tan^j 

Mo (E“- 8 /g-)* tan 6 ^ 0 * 


If the magnets are of api)roximately the same length, 
l\r^ _ tan 0^ 
tail 0^ 


(ii.) Method of no Deflection.—Place the magnets one 
on either side of the needle with their centres north and south 
of it, and adjust their distances until the magnetometer needle 
remains in the magnetic meridian. 

If and rg are the distances of the magnets from the needle, 

M,"(r/+ //)?• 

If /| and /g are both small in comparison with r, this reduces to 

Mg r/ 

Note on making Observations of 6 and of r. —If the 
deflecting magnet is not magnetised uniformly, its magnetic 
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equator is nearer to one end than tlu; otlior. The tnie distance 
r is therefore not the distiince from tlie centre, of the needles 
to the centre of the }>ar. Again, if the ]>ivot of the needle is not 
exactly in the centre of the magnetometer box, tlie value taken for 
r will be wrong on this account also. To avoid errors due to 
these two causes, the deflection should be taken first with the 
magnet one w^ay round, then with the magnet reversed. After 
this the magnet should be placed on the other side of the magneto^ 
meter at an equal distance r, and the needle deflection determined 
again for both positions of the magnet on this side. PYich time 
the two ends of the pointer must be read so that eight readings 
of 6 are taken ; the mean of these is taken as the true deflection 0. 

In the method of no deflection one magnet must always be 
taken at the same distance r^. After taking r., to corres))ond with 
rj, both magnets must be reversed, when a new value of the second 
distance may be found to be necessary in order to get zero 
deflection. The magnets are then jflacerl on tin; other sides of the 
magnetometer, and two more values of f\, ar(^ found to give zero 
deflection when the first magnet is at a dishince The mean of 
the four values of is used in the calculations. 



CITArTER m 

THE OSCILLATIONS OF A MAGNET IN A 
MAGNETIC FIELD 

g 1. Comparison ok Magnetic J'ields by Oscillations 

When a magnet is suspended so that it can oscillate about an 
axis of symmetry in a uniform magnetic field the time of one 
complete vibration is given by the formula (deduced on the 
assumption that the motion is approximately Simple Harmonic 
Motion, p, IGl), 



where T is the periodic time, 

I is the moment of inertia about the chosen axis, 

M is the magnetic moment, 

II is the strength of the magnetic field. 

If the same magnet be set in oscillation at various points of 
a magnetic field, I and M remain constant, but T and H vary. 
The formula shows that 

M OT 

HT2 ^ 

M 

= C (where C is a constant). 

Thus if the value of the constant C bo determined once for 
all by making the magnet oscillate in a magnetic field of known 
strength, the strength of any other field may be found by 
finding the value of T in that field. 

419 
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Expt. 199. Determination of the Strength of the Field 
at any Point assuming the Earth’s Field known. —The 

oscillating needle used in this experiment is a small steel 
magnet only about 2 cm. in length mounted horizontally in 
a small brass stem suspended by a single silk fibre. A heavy 
short piece of ‘rat-tail ’ file is suitable as the needle. A light 
aluminium ])ointer may be attacdied to the stem in order to 
make it easier to observe the oscillations. The apparatus 
should be protected from air currents by a glass shade. Place 
the apparatus on a table remote from masses of iron such as 



Pio. 2VJ. —Searle’s Oscillating Needle. 

iron pipes, stoves, etc. Remove all other magnets, including 
knives and keys, from the neighbourhood. Set the needle 
oscillating by bringing a magnet momentarily near to it, but 
do not allow the amplitude of the oscillations to exceed a few 
degrees, as the motion approximates to Simple Harmonic 
Motion only when the amplitude is small. . Observe the time 
taken for the needle to complete a number of complete oscilla¬ 
tions (40 or 50 should be observed if possible), and calculate 
the time for one complete oscillation. 

Assuming Hq, the horizontal component of the earth's 
magnetic field, to be known, find the value of the constant C 
by means of the equation 
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Tlic object of the experiment iis to determine II, the 
horizontal field at some otlier place. Move the apparatus to 
the spot where the strenfjjth of* the field is to he uicasured, 
and again observe the time T of an oscillation. Using the 
value of C just found, determine the value of II from liT-^==C. 
In this way a magnetic survey of the laboratory can be 
carried out. 

ELIMINATION OF THE EFFECT OF THE EARTH’S FIELD 

It is frequently necessary to compaie two fields neither of 
which is known. This could he done as already described if tlie 
two fields could be isolated, but in general this cannot be done, 
and the needle would have to oscillate in a field comj)ounded of 
the earth s field and one or other of the fields to he compared. 

If one of the fields (F) is arranged fanilld to the earth’s field 
(IIq) the resultant field (H) will be either the sum or the dif¬ 
ference of F and : the needle can now be allowed to oscillate 
in this compound field and its period of swing (T) determined. 
It is important to note that greater accuracy is obtained if the 
composite field is made the sum. of F and 11^. If possible, there¬ 
fore, the field F should be arranged so as to assist the earth’s 
field, so that the needle oscillates more rapidly than in the 
earth’s field alone, and still points in ilie same direction as when in 
the earths field. 

If Tq, the period of swing in the earth’s field, be known we 
have, from the fundamental equation, 



H = 5 

m 2> 

■*^0 

and 

II 

But 

H = Ho + F. 

or 


Therefore 

f=L_ c 
T‘. T/ 

F - C|^ - 

or 
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When two fields Fj^ and are to be compared they must be 
combined separately with the earth’s horizontal field Jl^, in such 
a way as to assist it. The periods of swing of the needle are 
determined in the two compound fields, and the ratio of Fj to 
Fg is given by 

r 1 _ M 

1 r 

IT./ T/j 

The student is required to deduce this expression from the 
discussion detailed above. 

Expt. 200. Verification of the Law of Force for a Single 
Magnetic Pole.— Observe the time taken for the oscillating 
needle to execute fifty complete swings when all other mag¬ 
nets are removed from its neighbourhood. The needle should 
be protected from draughts, and the amplitude of the oscilla¬ 
tions should not exceed a few degrees. 

Let the time of vil>ration in tliis case be T^,, the strength of 
the field being due to the earth’s magnetism. 

Then ~ ^ being a constant). 

If is known the value of C could be calculated from this 
equation, but as it cancels out in the working of the results 
it is unnecessary to do this. 

We have then the relation that 



Next take one of the very long ball-ended nmgnets already 
referred to, and support it vertically in a wooden stand. Place 
the lower pole somewhere along^ a line passing through the 
centre of the needle, and directed north and south (magnetic). 

The needle now swings either more or less rapidly than 
before, or it may j)erhaps try to turn round end for end ; this 
depends on the nature of the pole and the position in which it 
is placed. 

It is important to note that the pole should be placed in 
such a position that the oscillating needle points in the same 
direction as when in the earth’s field alone, and has a shorter 
period of swing than before. 
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Since the period of oscillation is smaller, the field H in which 
the magnet oscillates is stronger than before. This combined 
field is equal to the sum of the field F due to the pole of the 
magnet, and due to the earth. 

Thus H-TT^ + F. 


Place the lower pole of the magnet at various distances 
7 * 1 , r 2 , r.j, etc., from the oscillating needle, the pole of the magnet 
being always on the same side of the needle, and in the meri¬ 
dian line passing through the needle. Take the different 
distances r^, etc., ranging from about 5 cm. to 20 cm. Find 
the times of swing T^, T^, T 3 of the needle for the various 
distances of the i^ole. 

We wish to show by this experiment that the field of a single 
pole varies inversely as the square of the distance from the pole, 
i,e. we wish to show that F is pro])ortional to 1 /r^. 

We can show this if we prove that 


Now 


= etc. 


Thus we shall show all that we wish if we prove that 


cfL 


IV/ 




1 _ 1 V^-cf l 


T, 


0 J 


The constant C occurs in each of these, and therefore can be 
cancelled throughout without aftecting the equality, so that if we 
can show 



we shall have proved that 

F^r;-^ - F.//^" - ^ etc,, 

i.e. that F is proportional to “ 2 - 


Arrange the observations as follows;— 
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Distance of Tole 
r (cm.). 

Period of Swing 
'I'. 

1 

1 1 


5 

6 

7 

8 

10 

12 

15 

20 

Infinity. 

1 

1 





The period when the pole is at inhnity is evidently the period of 
swing in the earth’s field alone. 

The last column will prove to be approximately constant, thereby 
showing that the force varies inversely as the stpiaro of the distance 
from a single pole. 

The effect of the upper end of the magnet is nt^gligiblc throughout 
these observations, as is shown in an earlier expt^rinient (Field of 
Single Pole by Magnetometer, p. 408). 

§ 2. Comparison of Magnetic Moments by Oscillations 

When a magnet is suspended by a fine fibre so that its axis 
hangs in a horizontal position, in a magnetic field of strength 11, 
the axis will assume a certain equilibrium direction. If the 
magnet be disturbed slightly from this equilibrium position it 
will execute vibrations about it. 

If the oscillations are small the time of each oscillation is the 
same—the vibrations are isochronous. The time depends on the 
form and mass of the magnet, and on the couple tending to bring 
it back to its equilibrium position. 

The time of a complete vibration (backwards and forwards) 
is given by 

T = 2:t V- L. 

V MH 

Hence if I and H are kept constant, the square of the time 
of vibration is inversely proportional to the magnetic moment of 
the suspended system. 




CH. Ill OSCILLATIONS OF A MAGNET IN A MAGNETIC FIELD 425 


Mil 

where K is some constant 


47r2T/TT _ K 
M. “ M’ 
Airn 
11 ' 


If I is not constant, T- is ])roportiorial to 
field is used. 


I 

M’ 


when the same 


l^xpT. 201. Comparison of the Magnetic Moments of 
Two Magnets by oscillating them separately. —Suspend one 
of the magnets from a fine thread, so that it can oscillate in a 
horizontal plane. Note its time of oscillation by taking 50 
complete oscillations when under the action of the eartli’s field 
alone. Let this time be Tj. 

Itemove this magnet and replace it by the second, allowing 
this to swing as neai‘ly as possible in the same position 
as the first. Take its time of oscillation as before; let 
this be T.,. 

In making these oscillation experiments the twist in the 
thread must be taken out first by allowing it to untwist under 
a weight cc^ual to the weight of the magnet to be suspended. 
If this is not done the magnet will not oscillate about a north 
and south line ; it will bo defiected from that line by the couple 
due to the twist in the suspending thread. The magnets 
should oscillate in a closed box with glass sides so that the 
oscillations can be observed, and yet the motion shall not be 
afi’ected by draughts (Fig. 21G). 

The swings should be counted and timed as the magnet 
swings through its middle position, rnd the angle of swing 
should not exceed 5"' on either side of this position. 


Then 


and 


Thus 


or 


Tj = 27r / ^1 , 

‘ V MjH’ 


= 27r 

/S . 

V MJI 


__ ^1^3 

T/ 

w 

Ml 

T rn 2 


— 1 m 2* 


Calculate 1^ and Tg from the masses and dimensions of the 
magnets (see page 651 for the calculation of Moments of Inertia) 
and determine 
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If the magnets are similar in size and shape, and of the same 
density, 

Expt. 202. Determination of the Eatio of the Magnetic 
Moments of two Magnets by allowing them to oscillate 

jQ _ together. —Place the two magnets 

_ I together in a suitable stirruj) (Fig. 

214) with their north poles point¬ 
ing in one direction. Suspend them 
from a thread from which the twist 
has been removed (j). 425), and allow 
them to swing inside an oscillation 
box in the earth’s field. 

Fig. 214.-TWO Magnets in Stirrup. Observe the period of swing in 
the usual way. Let this be Tj. 
Take out one magnet (the weaker ^), and replace it in the 
stirrup with its axis reversed. Again take the period of swing 

T>, 

The Moment of Inertia of the susf)ended system is not altered 
by reversing one of the magnets, but the magnetic moment of the 
system is in the first c-ase equal to -j- Mo and in the second case 
Mj — Mo, Mo being the magnetic moment of the magnet which is 

T,2 ^M, -Mo 
Ml T.s + T/ 

” iv-t7 

The student should prove these results for himself. 


^ The ' weaker ’ magnet can be found before the experiment by any rough means 
such aa bringing the magnets in turn near to a compass needle—that having the 
smaller effect at the same distance is evidently the weaker 


reversed. 


and hence 



Side 

view. 



CHAPTER IV 


THE EARTH’S MAGNETIC FIELD 

S ]. Specification of the Field 

Three quantities are necessary in order to specify com¬ 
pletely the magnetic field at any point, for any vector quantity 
can be determined if we know its magnitude and direction, and in 
three dimensions two quantities are required to fix a definite 
direction. The three quantities usually employed in defining 
the earth’s magnetic field at any point are :— 

(1) The Horizontal Component of the magnetic force. 

(2) The Declination, that is the angle between the mag¬ 

netic meridian and the geographical meridian. 

(3) The Dip, that is the angle between the direction of 

the resultant magnetic force and the horizontal plane. 

Wo consider here only the first and third, since the determina¬ 
tion of the Declination requires astronomical observations in 
finding the geographical meridian. So far as the magnetic 
observations are conceined, the principle involved is exactly 
that in the experiment already described for finding the 
magnetic axis of a magnet and the magnetic meridian (p. 402). 

§ 2. Determination of the Horizontal Component of 
THE Earth’s Field 

The method to be described, which is due to Gauss, is 
employed usually to determine the horizontal component of 
the earth’s field. It can be applied, however, to the determina¬ 
tion of any magnetic field which is uniform throughout a 
sufficiently large volume. 


427 
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The method involves two separate experiments, wliich of 
course must be done at the same place. The first consists in find¬ 
ing the period of swing of a freely suspended magnet of known 
Moment of Inertia; and the second in comparing by means of a 
magnetometer the field due to this magnet with the earth’s field. 

Before heginniiig the experhnents reviove all iron objects from the 
neighbourhood, 

(A) The Oscillation Experiment.—If T is the time of one 
complete swing of the magnet, when oscillating freely in the 
earth’s horizontal field 


Mil’ 


(p. ICl) 


where H = Horizontal Component of the Earth’s Field, 
M = Magnetic Moment of the Magnet, 

I = Moment of Inertia of the Magnet. 

Hence 


and thus MH can be calculated in C.G.S. units if I is known. 

The bar is a regular geometrical shape, and hence its Moment 

of Inertia I can be calculated 

from its mass and dimen- 

rt ! sions. If the bar be rect- 

-->; 

^ angular, as is usually the 



where m is the mass of the 

Pio. 215.—Rectangular Bar Magnet. , , , , , 

magnet, and a and b are the 
half-lengths of that face of the magnet which was horizontal 
during the oscillations (Fig. 215). 

For a bar of any regular shape the required expression for I 
can be fotfed from the Appendix (p. 651). 


Expt. 203. Determination of MH. —Before suspending 
the magnet bo sure that the suspending fibre is not twisted. 
To ensure this, suspend in the stirrup a brass bar of the same 
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mass as tlie iDagnet, and wait for the fibre to untwist. The 
juotion of the brass bar must be checked every few revolution^:, 
otherwise wlien the fibre is 
untwisted, the inertia of the 
rotating brass bar will cause 
it to twist up in the o})])Osite 
direction. Wlien the brass 
bar remains motionless when 
hanging freely from the fibre, 
it should be withdrawn from 
tlie stirrup and the magnet 
inserted without allowing 
the fibre to twist again. 

The magnet is then sus- 
pendc^d from the fibre in a 
box with glass sidi^s so that 
the vibrations can be count(*d 
and yet air currents will 
be excluded (Fig. 21G). 

The magnet must be 
allowed to swing through 
only a very small angle. 

Determine the ])eriod of 
vibration of the magnet by 
observing the time taken to make fifty complete vibrations. 

Weigh the magnet, determine its length and breadth, and 
calculate its Moment of Inertia 1. 

Calculate the value of MH from the formula 

T** 

(B) The Deflection Experiment.—In the second part of the 
determination, the deflection produced by the same magnet on 
the needle of a magnetometer is observed. 

The * end-on ’ position is used, placing the magnet with its 
axis east and west, pointing to the centre of the magnetometer. 
Let 

21 — distance between poles of magnet, 

r = distance between the centres of magnetometer and magnet. 

The force on unit magnetic pole at P is in the direction 
OP (Fig, 216) and is equal to F. As is proved in the chapter 
on Magnetometry (p. 414), 



Fio. 216.—Oscillation Magnetometer. 
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The magnetometer needle comes to rest under the action of 
the two mutually perpendicular fields, F and H, in a position 
making an angle 0 with the meridian, given by 


So 

or 


F 

H 


tan 0, 


M 2r 


H " if' 


tan 0. 


Expt. 204. Determination of M/H.—Set up a magneto 
meter and place the magnet in the ‘end-on* ]osition as in 
Expt. 195. Determine the values of r, and and calculate 
the value of M/H. 

Note that 21 is the distance between the poles of the magnet 
used, while 2a is the distance between its ends. The poles are 
not exactly at the ends, so that those distances are not exactly 
equal. We may assume that the distance between the poles is 
of the distance between the ends of a bar magnet. 

We have now found MH and M/H. 

Let MH = A 

and M/H = B. . 

Then M^ " AB, or M = \/(AB) 

»’-B. - «-y(i> 

Calculate M and H. 


§ 3. Determination of Dip 

THE DIP CIRCLE 

The Dip Circle consists of a vertical circle graduated in 
degrees, carrying at its centre a long needle pivoted on a 
horizontal pivot, so that it moves over the graduations of the 
vertical circular scale. 
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The scale and needle are enclosed in a box with glass sides, so 
that the needle is not affected by draughts. The whole box can 
be rotated about a vertical axis, the position of the box 
being indicated by a graduated circle on the base of the 
instrument. 

To use the instrument, first it is levelled carefully to ensure 



Fio. 217.—Dip Circle. 


verticality of the central axis. The box is then rotated about 
this axis until the needle stands vertical. The plane of rotation 
of the needle is now exactly at right angles to the magnetic 
meridian. To bring it into the meridian, the box is rotated 
about the vertical axis through 90°, this being measured on the 
horizontal circle on the base of the instrument. The needle is 
now free to move anywhere in the magnetic meridian, and if 
perfectly constructed, it will take up a position along the earth’s 

p 




432 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. V 


lines of force, and its inclination to the horizontal will be the 
angle of dij). 

Expt. 205. Determination of the Angle of Dip. —Level the 
instrument. Ilotate the box until the needle is vertical, and 
take the re«adirig on the horizontal circle. Itotate the l)ox 
again till the reading is increased (or decreased) by 90". The 
needle now sets with its axis inclined to the horizontal. 

On account of i)ossible slight imperfections in the construc¬ 
tion of the needle, the adjustment of the vertical scale of 
degrees and so on, the angle of dip cannot be relied upon to 
be equal to the inclination of the needle, and the following 
series of observations must be made :— 

1. Having got the vertical circle into the meridian, read 
the positions of both ends of the needle. This gives two 
readings. 

2. Ilotate the whole box ISC'* about the vertical axis and 
again read both ends ; this gives two more readings. 

3. Remove the needle and replace it on the knife-edges 
supporting the pivot, but with the needle reversed back to 
front, t.e. with the pivot reversed end for end. Repeat 
readings 1 and 2, that is to say, read both ends and again 
rotate the whole box 180° about the vertical axis and again 
read both ends. This gives four more readings altogether. 

4. Remove the needle and remagnetise it with the 
magnetism reversed, and start at 1 again, rej)eating observa¬ 
tions as 1, 2, and 3. 

This gives eight more readings or sixteen readings in 
all. 

The mean of all these sixteen readings should be taken ; 
this is accurately equal to the Dij> at the place where the 
experiment is perforrned. 

For the theory of this experiment and a discussion of the types of 
errors avoided or corrected for by taking this series of observations, 
the student is referred to a text-book of theoretical physics. 

Precautions in use.—The needle must not be touched with 
the fingers, nor should it be brought anywhere where moisture can 
condense on it when being handled It should bo handled with the 
forceps supplied. 

In placing it on the supporting knife-edges it must be put down 
gently—the pivot is glass-hard steel and is very brittle indeed; the 
knife-edges are also very brittle, being made of agate. If raising- 
clips are fitted (as in a balance) the pivot must be raised from the 
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knife-edges by tkcse before removal from the box, and must be 
placed back on thes(i before finally lowering to tlie knife-edges. 

Care must be taken that the magnet is inserted with the proper 
end dip])ing (north end downwards in northern hemisphere), otlier- 
wise it may revolve several times and roll off the end of the knife- 
edges. 

In remagnetising the reverse way round, the magnet must not 
be rublied with a magnet. If magnets are used, the needle must 
be fitted in a grooved piece of wood and the magnet moved over the 
wood surface in the requisite direction. A solenoid carrying a 
current is jireferable to all other means of remagnetising the bar. 
The current is arranged to fiow in the required direction, and is 
switched on and off once or twice while the needle is held inside the 
solenoid. Considerable force will be exerted on the needle in this 
process, and it must be lield tightly in the forceps while being 
remagnetised; otherwise it may be pulled out of the forceps and 
receive damage in falling. 

Treat the instrument throughout with the same care as that 
demanded in the use of an accurate balance. 
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ADDITIONAL EXERCISES ON MAGNETISM 


1. Find the direction of the magnetic axis of a circular steel plate 
magnetised parallel to a diameter. 

2. Make a survey of the laboratory, using a compass needle to determine 
the presence of north or south magnetism in iron pipes, girders, radiators, 
stoves, etc. 

3. riot the lines of force around one pole of a long bar magnet. Do the 
same when a piece of soft iron is placed not far from the j)ole. 

4. Plot the lines of force between the opposite poles of two fixed magnets. 
Do the same when a piece of soft iron is placed in the space between the poles. 

5. Adjust the given magnet so that the field produced by it may exactly 
neutralise the horizontal component of the earth’s field at a marked point. 

6. Place two long bar magnets in the magnetic meridian, with their north 
poles pointing in opposite directions and 16 cm. ajiart. Find the neutral 
point hetween them. Hence, neglecting the earth’s field, compare their 
pole strengths. 

7. Place the given bar magnet with its north pole pointing north, and 
find the neutral points in its vicinity. Carefully reverse the magnet, and 
show by means of an oscillating needle that tlie field at these points, with 
the magnet in this position, is twice as strong as the earth’s field alone. 

8. Magnetise the two given rods by placing them at the same time in a 
solenoid and passing a current through the solenoid. Then compare their 
magnetic moments. Repeat the experiment after heating the rods to 
redness and plunging them into cold water. 

9. Plot a curve showing liow the magnetic moment of the given electro¬ 
magnet varies with the current passing through the coil. 

10. Plot a curve showing how the intensity of the field of a magnet 
varies with distance along its axis, using a tangent magnetometer. Find 
the magrietic moment of the magnet. H = 0*185 C.G.S. unit. 

11. Find how the intensity of the field of a magnet varies with distance 
along the axis, using an oscillating needle, and find the magnetic moment 
of the magnet. H = 0*185 C.G.S. unit. 

12. Find the ratio of the magnetic moments of the two given bar magnets 
without using a third magnet. 

13. Compare the horizontal components of the magnetic field at two 
maxked points in the laboratory by using a magnetometer and the same 
bar ma^et in each position. 

14. Find the magnetic moment of the given magnet. 

15. Place a short bar magnet in an oil bath so that its temperature may 
be varied. By means of a deflection magnetometer obtain a curve showing 
the relation between the magnetic moment of the magnet and the tempera¬ 
ture, both when the temperature is rising and when it is falling. 
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electricity 




CHAPTER I 

ELECTROSTATIC EXPERIMENTS 
§ L Introductory 

Certain bodies when TTd)})ed with flannel, or silk, acquire the 
power of attracting light bodies. In this condition they are 
said to be electrified, or to carry a charge of electricity. 

The electrification produced by rubbing a glass rod with silk 
diflcrs from that produced by similarly rubbing a rod of ebonite. 
There are two kinds of electrification, vitreous (or positive) and 
resinous (or negative). Bodies electrified in the same way repel 
each other, while bodies oppositely electrified attract each other. 

If a brass rod is held in the hand and rubbed with flannel 
no electrical charge can be detected on the rod. If, however, 
the rod is supported by a glass hixndle it can be electrified and 
the charge can be detected. This may be explained by saying 
that the metal conducts away the electric charge, which i>asses 
through the body into the earth. The glass rod, if diy, does not 
conduct away the electric charge. Bodies which conduct well 
are called conductors ; those which conduct badly are called 
non-conductors or insulators. Metals are good conductors, 
whilst glass and ebonite are insulators. 

In all electrostatic experiments it is of the highest importance 
to avoid surface films of moisture on all insulators. Such films 
seriously impair their insulating properties. A small tinplate 
oven with a double bottom, heated by a rose burner, is very 
useful for keeping the apparatus dry. 

m 
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§ 2. Experiments with the Gold-Leaf Electhoscopk 

The gold-leaf electroscope is a convt'nient ap])aratiis for experi¬ 
ments in electrostatics. A simple form of electroscope consists of a 
glass vessel with a brass rod passing through the insulating stop])cr. 
The top of the rod is fitted with a brass ball or disk, and a pair of 
gold leaves are attached to the lower end. If the leaves are given 
a charge the leaves will rei)el each other and diverge. If the 
insulation were perfect there would be no loss of charge and the 
leaves would remain inclined at the same angh^ indefinitely. 

In modern forms of the electroscope, a single gold leaf is 
used, attached to a stiff strip of brass or aluminium (Fig. 219). 
The deflection of the gold leaf may be measured by means of 

a scale fixed to a mirror (to avoid any error due to parallax), or 

by means of a micrometer microscope. 

Expt. 206. Illustration of the Laws of Electrostatics.— 

I. Touch the disk of the electroscope with the finger so as to 
remove any charge it may possess. Electrify an ebonite rod 
by friction and bring it near to the disk. The gold leaves 

should diverge (A, Fig. 218). The charge on the ebonite 

induces a charge of o])j>ositt‘ sign on the disk, and a charge 
of the same sign as that on the ebonite is repelhid into the 
gold leaves. 

Try the same experiment with a glass rod. 

II. To show that there are two kinds of electrification, 
bring up an electrified ebonite rod as in the first experiment, 
then bring up an electrified glass rod. The i)resence of 
the second charge should diminish the effect due to the first. 
By suitably adjusting their distances (B) the two may be made 
to nullify each other’s action.^ 

III. The electroscope may be charged by conduction. The 
electrified rod is brought into contact with the disk of the 
instrument (C) and shares part of its charge with the gold 
leaves. These remain apart after the rod has been removed (II). 

IV. To charge the electroscope by induction, bring the 
electrified rod near the disk without touching, then touch the 
disk with the finger for a moment (E). Beraove the finger and 
afterwards withdraw the rod (F). The electroscoi)e now bears a 


^ A glass rod which has been passed through a ftame sometimes shows a 
negaiivt charge when rubbed. In this case the first deflection is increased. 
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charge of the opposite kind 
to that on the rod, for 
wiien the linger touches 
the disk the charge of the 
same kind as that on the 
rod is repelled through the 
body into the earth. 

V. To test the sign of 
a charge, charge the elec¬ 
troscope by induction as 
in the last experiment, 
using a vulcanite rod. 
Then bring up a glass 
rod carrying a positive 
charge, and notice that* 
the gold leaves diverge 
farther. 

Next bring up the 
vulcanite rod ; the leaves 
will now collapse, the 
divergence diminishing 
more and more as the rod 
gets nearer. 

If the rod gets very 
close, it may cause the 
leaves to collapse entirely 
and then to oj)en out again. 
It is left to the student to 
advance an explanation of 
this redivergence. 

Now bring up a larye 
uncharged body supported 
on an insulating handle. 
Then bring up an earth- 
connected body (the liand 
of the ex])eriinenter is 
suitable). Note that in 
lot/i these cases the diver¬ 
gence of the leaves is 
dimini slied slightly al¬ 
though the bodies are not 
charged before being 
brought near the electro¬ 
scope. 






Fia. 218.—Experiments with Gold-Leaf 
Electroscope. 
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It will be seen from this that although increased divergence 
indicates a charge on the body of the same sign as that on the 
electroscope, we cannot conclude with certainty that diminished 
divergence indicates a charge of the opposite sign. 

To test the sign of a charge of any kind it is necessary to have 
two electroscopes charged oppositely. The body to be tested is 
brought up to each in turn. A positively charged body gives an 
increased divergence with the positively charged electroscope, but 
a diminished divergence with the electroscope negatively charged. 

A negatively charged body increases the divergence of the 
negatively charged electroscope, but causes a diminished divergence 
in the positively charged one. An uncharged body or an earth- 
connected body causes the divergence to be diminished in each case, 

§ 3. Simple Electrostatic Apparatus 

THE ELECTROPHORUS 

The Electrophorus consists of a plate of ebonite (or resin) sup- 
^ ported by a sole-plate of metal. On this plate of insulating material 
can be placed a metal disk provided with an insulating handle. 

When this disk is removed, a negative charge is produced upon 
the surface of the ebonite by rubbing or flicking it with a dry 
catskin. The metal disk is then lifted by the insulating handle 
and placed on the electrified surface. Actual contact occurs at only 
a few points, while over the rest of the surface the negative electri¬ 
fication on the ebonite induces a positive charge on the opposed 
metal surface, and a negative charge is repelled to the upper surface 
of the disk. On touching the disk with the finger this negative 
chaige escapes through the body to the earth, leaving the positive 
charge ‘ bound ^ under the attraction of the negative charge below 
it. If the disk is now lifted from the ebonite, it carries with it this 
positive charge, which may be afterwards shared Avith some other 
conductor. When the disk has been discharged by connecting it to 
some earthed conductor, it may be placed once more on the ebonite, 
and the process repeated. The charge on the ebonite is not 
diminished appreciably in the operations, and if the insulation were 
perfect the process of cliarging could be repeated indefinitely. The 
same principle is employed in the Influence Machines designed by 
Voss and by Wimshui’st. 

Expt. 207, The Electrophorus. —Charge an electrophorus, 
and use it to obtain a charge on the disk. Test the sign 
of the charge on the disk by the method described above. 
Show that it is possible to obtain sparks from the disk tc 
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any eartlied conductor tlic knuckle of the experinienter) 
placed near it. 

FARADAY’S ICE-PAIL EXPERIMENTS 

For these experiments a metal can is provided, which can be 
insulated by placing it on a block of parallin or ebonite. If the 
electrosco})e is provided with a suitable fiat plate 
connected with the gold-leaf system, it is simpler 
to stand the ‘ice-pail' on this plate. If the can 
is on a block of ebonite or paraffin, then it 
should be connected by means of coijper wire to 
the disk of the electrosco 2 >e. 

£xpt. 208, Faraday’s Ice-Pail. —Take a 
brass ball sus 2 >ended by a silk ribbon, or 
fitted with an insulating handle, and charge 
it by means of an electrophorus or a small 
Wimshurst machine. 

Lower it into the ice-])ail and observe 
the deflection of the gold leaf. If the 
charged ball is well within the mouth of 
the vessel, the deflection will be the same 
whatever the position of the ball. Even if 
the ball is allowed to touch the inside of 
the can the deflection will be unaltered. 

This agrees with the view that a definite quantity of electricity 
has been introduced into the vessel, and that the effect on the 
electroscope de 2 >ends only on the quantity inside the vessel. 

We may make use of the ice-pail to determine whether two 
bodies are equally charged, and may then add together their 
charges (by placing them inside a hollow conductor) so as to obtain 
a charge double the original charge. In the same way we can give 
to the hollow conductor a charge which is any number of times the 
charge of a given body. 

Expt. 209. The Induced Charges are equal and opposite 
to the Inducing Charge if this is entirely enclosed by the- 
Conductor on which the Charges are induced. —Place the 
charged ball inside the ice-pail without allowing it to touch 
the sides, and observe the deflection. Touch the ice- 2 )ail with 
the finger; the gold leaves will collapse. Kemove the ball, 
still carrying its charge, from the pail. The deflection should 
be equal to the original one. The two charges induced were 
equal and 02 )posite to each other; one has been removed, and 


o 



Fiti. 219.—Ice*Pail on 
Blectroscope. 
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the other gives the observed deflection. Discharge the can and 
reintroduce the ball, allowing it to touch the bottom. On 
removal it is quite uncharged; it has given all its charge to 
the can. The deflection of the leaves of the ek^ctroscope is 
the same after the ball touches the bottom as before it touches, 
and is not altered when the ball is removed. 

Expt. 210. Equal and Opposite Quantities of Electricity 
are produced by Friction. —For this ex])erimcnt the rubber 
and the body rubbed must both be insulated. Rub the two 
bodies together, holding them by the insulating handles, atid 
test each one by introducing it into the ice-])ail. Then intro¬ 
duce the two together in the ice-pail. If the charges are 
exactly equal and opposite, no deflection of the gold leaves 
should be observed when both are used, but each alone gives 
a deflection. 

The operations described must be performed quickly, as 
there is nearly always a certain amount of leakage taking 
place. 

In writing an account of these electrostatic experiments the 
results obtained should be described, and the conclusions to be 
drawn from them stated. It is most important that the account 
should be illustrated by diagrams indicating the positions of and 
charges on the various pieces of apparatus used in each of the 
various stages. 


§ 4. Charge and Potential 

It is important to notice that the deflection of the leaves of 
an electroscope does not necessarily indicate the charge on the 
electroscope as a whole. The deflection indicates the potential of 
the electroscope always, and may be taken to indicate its charge 
only when there is no other body near to it. 

Positive electricity flows from points at higher to points at 
lower potential, if these points are connected together })y a 
conductor. 

The test of potential is to connect the body to earth; if it 
gives up positive electricity its potential was positive. If it 
receives positive from the earth (or gives up negative to the 
earth) its potential was negative. If it neither gains nor loses 
electricity, it was at zero potential. 
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Expt. 211. Demonstration tliat the Divergence of a 
Gold-Leaf Electroscope indicates its Potential.— Case 1. 
Bring a charged glass rod to an electroscope; the electroscope 
has induced upon it two equal and opposite charges. It is 
uncharged on the whole, yet the leaves diverge. If earth- 
connected, positive electricity leaves the electroscope and goes 
to earth, therefore the electroscope was at a positive potential. 
Before earih-coiinec.ting it, it was showing a divergence, yet it 
was uncharged : therefore the divergence does not indicate the 
charge on the electroscope in this case. 

Case 2. Repeat the operation of bringing a charged glass 
rod to the electroscope. After earth-connecting the electro¬ 
scope, keep the glass rod still near. The electroscope now 
Inis a negative (diarge. The leaves are, however, quite closed, 
therefore the divergence does liot indicate the charge in this 
case—there is a considerable charge, yet no divergence. 

Case 3. Electrify an electroscope positively, and remove 
all bodies to a distance. The leaves diverge, the electroscope 
has a positive charge; in this case, therefore, the divergence 
may be taken to indicate the charge. 

Consider the potentials in the three cases. 

Case 1. As already explained, the electroscope had a positive 
potential though zero charge (on the whole). The leaves were 
diverging. 

Case 2. The electroscope had a zero potential (being earth- 
connected) although it had a charge. There was no divergence. 

Case 3. The electroscope has a positive potential as well as a 
positive charge. 

Thus divergence and potential go together, and we see that 
the divergence of the leaves of an electroscope indicates its 
potentiaL It only indicates the charge as well, when the 
electroscope is remote from other bodies. 

The divergence only indicates the magnitude of the potential; 
vthe potential might be either positive or negative for a given 
divergence. This can only be tested by other means, viz.-— 

Bringing up a positive conductor raises the potential of the 
electroscope. If, therefore, the leaves diverge further, the electro¬ 
scope has a positive potential. If they collapse a little it had a 
negative potential; raising the potential having in this latter case 
the meaning diminishing its negative value. 
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CAPACITY 

When a charge is given to an isolated conductor, the resulting 
potential depends on the size and shape of the conductor: for 
the same charge, the larger the conductor the lower is the 
potential to which it is raised. The Capacity of a conductor is 
defined as the cliarge required to raise its potential h}^ one unit. 
When a second conductor is brought near the first, the potential 
of the first is diminished (p. 439). The effect depends on the 
size of the second conductor, and if this be earth-connected the 
etfect is usually very large, being virtually equivalent to making 
the earth form part of the second conductor. Such an arrange¬ 
ment forms a Condenser, which may be defined as a system of 
conductors placed so that the capacity of one part of the system 
is increased in consequence of the proximity of the other part. 
The capacity of a condenser is measured by the charge required 
on the first part to increase the difference of potential between 
the two parts by one unit. 

THE CONDENSING ELECTROSCOPE 

The condensing electroscope is an ordinary gold-leaf electro¬ 
scope fitted with a disk of a size rather larger than usual. A 
second disk of the same size as the electroscope disk, and 
mounted on an insulating handle, is laid on the electroscope 
disk. The disks are insulated from each other by a thin coat 
of insulating varnish spread over the upper disk. The two 
disks constitute a parallel plate condenser, and when the up[»er 
disk is earth-connected the electroscope becomes a conductor 
of considerable capacity. That is to say, it requires a consider¬ 
able charge to raise the potential of the electroscope to unit 
potential. If, therefore, the electroscope is connected to any 
apparatus which is maintained at a constant potential, it will 
take up a charge much greater than it would take up if the 
earth-connected disk were not upon it. 

It may happen that the potential to which it is thus raised 
is insufficient to cause an appreciable divergence of the leaves, 
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and the existence of this electric potential would be undetected 
by the electroscope when used in the ordinary way. 

If, however, we charge up the condensing electroscope while 
the upper disk is present, we obtain on the electroscope a 
charge of considerable magnitude, though the potential is too low 
to affect the leaves. On removing the wire connected to the 
electroscope disk, and immediately afterwards removing the earth- 
connected disk from the electroscope, the electroscope becomes 
a conductor of small capacity. A charge which gave it a certain 
potential before will now give it a potential a great many times 
larger. Consequently the leaves may be caused to diverge now 
by the charge on the electroscope, although the same charge was 
insufficient to affect the leaves when the capacity was greater. 

Expt. 212. Use of a Condensing Electroscope to detect 
the Positive and Negative Poles of a Cell.— Remove the 
upper disk from the eIectroscoi)e, and touch the cuip with a wire 
connected with one pole of any Voltaic cell, the other pole being 
earth-connected. Notice that no divergence can be observed. 

Place the insulated disk on the electrosco})e disk and again 
touch the ca}) with the wire, the upper disk being earth- 
connected while the wire is touching the electroscope. Re¬ 
move the wire—no divergence is observed; remove tlie up[>er 
disk—the leaves 0 {>eii out slightly owing to the larger })otential 
produced by the same charge, now that the capacity of the 
electroscope has been diminished. 

Test the sign of the charge, using a vulcanite rod or a 
glass rod. 

Repeiat the experiment with the other pole of the c(‘ll, 
meantime earth-connecting the pole previously used. Show 
that the charges obtjiined from the two poles of the cell 
are opposite in charac^ter, and that the zinc plate is negative in 
all cells in which a zinc plate is used. 

Test the signs of the poles of an accumulator to see if they 
are correctly marked. 

No'I'K. —According to the view generally accepted at tlic present time an 
electric cliaigts is duo to the addition or removal of small discrete particles 
of negative (resinous) cdectricity. Thcs<? negative electrons or corpuscles 
(p. 547) constitute the electric fluid in the ‘oiic-lluid' theory of Franklin. 
In tliis book (vitreous) electricity is spoken of in a conventional way 

as flowing througli a conductor from points at higher to jK)ints at lower 
potential. A flow of positive electricity in otie direction may be regarded 
as equivalent to a flow of negative electricity in the opi>osite direction. 
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CURRENT ELECTRICITY—INTRODUCTORY 

§ 1. Chemical Generation of Electricity 

It can bo shown by means of a condensing electroscope that 
when two plates of any two different metals are immersed in the 
same vessel of almost any liquid, one plate will acquire a higher 
potential than the other. When these two plates are connected 
momentarily by a wire, a discharge naturally flows from one 
plate to the other in consequence ol their difference of potential, 
but the two plates are not discharged as a result of this. If the 
wire connecting them is removed, and the plates are again tested, 
they will be found to give a potential difference as before, the 
electroscope usually being insufficiently sensitive to detect any 
slight difference which may exist between the present and 
former values of this P.D. 

Thus when the plates are placed in this liquid, there is a 
continual renewal of the charges on them, as a result of the 
chemical action in the cell. If a wire is connected permanently 
to the two poles, a continuous discharge or a current of electricity 
flows through the wire. 

By experimenting with various forms of solutions and 
diflferent kinds of plates, certain specially active cells have been 
invented by different experimenters. 

In the simple cell of Volta, plates of copper and zinc are 
immersed in dilute sulphuric acid (1 in 10). The zinc plate 
tends to dissolve in the acid in accordance with the equation 
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Zn + H 2 S 04 = ZnS0, + 2H. 

This is typical of the action in other primary cells. 

To prevent the polarisation (p. 481) of the cell due to the 
film of hydrogen formed at the copper plate, some depolarising 
liquid may be employed. 


TAlUrLATKD DKSCIUPTION OF SOME PllIMAKY CkLLS 


Name. 

riates. 

Exciting 

Liquid. 

Depolarising Liquid. 

Approximate 
E.M.F. in 
Volts. 

lleinarks. 


4" ~ 





Simple 

Cu, Zti 

H28O4, Aq. 

None 

LO 

lt'ii>id polarisa- 





tioij. 

Daniell 

Cu, Zn 

H2SO4, Aq. 

CU.SO4 concentrat<f.(l 

1-14 

Gonstant, satis- 





factory. 



Zn804, A<j. 

CuS()4 concentrated 

l-()7 

No acid lurnes. 

Grove 

Pt, Zu 

H28O4, A<i. 

11NO3 concentrated 

1-9 

Expensive, acid 






lurnes. 

BunsiMi 

C, Zii 

H2SO4, A(i. 
Nlbci, aaW. 

HNO;{ concentrated 

1 7 

Acid fninos. 

I.<'clanch6 

C, Zn 

MnOa 

L4 

Good for inter¬ 





mittent use. 

Bichromate 

C, Zu 

1 

H2SO4, Aq. 

H2Ci’04 from K2Gr207 

1-8 

Satisfactory. 
Withdraw Zn 




i 

I 

1 

t 

plate when not 

1 in u.se. 

Clark 

Hk, Zn 

ZnS04 

1 Hg2S<>4 

! 1-433 

Constant. 

Weatou 

Hg, C(l 

C<iS04 

Ug2«04 

10183 

V(>ry constant. 


The electromotive force of a cell is equal to the energy 
drawn from the source and dissipated in the circuit when unit 
quantity of electricity flows round the circuit. 

The practical unit for expressing electromotive force (E.M.F.) 
or P.D. is the Volt, which is 10^ C.G.S. units. The International 
\^lt is realised experimentolly by taking the E.M.F. of the 
Weston cadmium cell as 1*0183 international volts at 20° C. The 
E.M.F. of the Clark cell is 1*433 volts at 15° C. 

Care of Cells.—The power of a cell, or the rate at which it 
can supply current, is limited by the size of the plates, by the 
rate at which the necessary chemical actions can take place, and 
by other properties such as Internal Kesistance, which will be 
discussed later. If a cell is overworked by short-circuiting^ Le, by 
connecting the poles together by a short piece of metal even for 
a moment, it will be more or less run-down or polarised, and will 
not work satisfactorily for some minutes, if indeed it is not 
damaged permanently. 
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It is therefore important to avoid overworking any cell 
in this way, especially a secondary cell or accumulator. An 
accumulator is made of plates of lead loaded with spongy lead on 
one plate and with lead peroxide on the other. Kny’ momentary 
overload causes very rapid evolution of gQ.smside th^ plates as 
well as at the surface, and the plates buckle, or the loacling is 
blown out from the plafe. This means that the accumulator is 
severely damaged, and if the process is repeated may be 
ruined entirely. 

It is mere wanton childishness to ruin these expensive cells 
and thereby diminish the efficiency of the laboratory for the 
sake of seeing a momentary flash. 


§ 2. Thk I\Iagnetic Action of Electric Currents 


In 1819, Oersted discovered that a magnetic needle was 
deflected when placed near a wire carrying an electric current. 
The magnet tends to set itself with its axis at right angles to 
the direction of the current. The current gives rise to a 
magnetic field in the surrounding space. In the case of a long 
straight wire the lines of magnetic force take the form of circles. 
The centre of each circle is a ^int in the wire, and the plane of 
the circle is perpendicular to the wire. 

Suppose the wire is at right angles to the plane of the 
paper and that the current is flowing into 
the paper at the point A. Then a positive 
pole would be urged round a circle, centre 
A, in the clockwise direction. A con¬ 
venient way of expressing this result is 
to say that if a right-handed corkscrew 
is screwed so that its point travels in 
the direction of the current, the direc¬ 
tion in which it is turned (or the direction 
in which the thumb moves) gives the 
direction of the magnetic force. 

This result should be tested in a number of different cases 



Fio. 220.—Lines of Force 
due to Current. 
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by examining the action of a current on a small compass needle. 
Connect the ends of an insulated copper ^ire to the terminals 
of a battery composed of one or two Daniell cells, and observe 
the deflection produced when the wire is placed in different 
positions with relation to the magnetic needle. Verify the fact 
that when the wire is doubled on itself, or twisted together 
so that the currents in neighbouring portions are in opposite 
directions, little effect is produced on the compass needle. 


Expt. 213. Construction of a Simple Electromagnet.— 


Wind an insulated copper wire round a bar of srfft iron so as 
to form a spiral winding round the bar. Connect the ends of 
the wire to a battery, introducing resistance in the circuit if 
necessary. Tlie iron will be 
magnetised by the magnetic 
field due to the current, and 
the system forms an electro¬ 



magnet. If a corkscrew 
were turned so that the thumb 


lOa. 221 .—Construction of 
Klectromagnet. 


followed the direction of the 


current round the turns of the spiral, the jioint of the cork¬ 
screw would advance in the direction of tlio lines of magnetic 
force. The lines of magnetic force run through the iron 
bar from the S. pole to the N., consequently the end where 
the point of the screw would enter the iron is the S. pole, and 
the end where the ]>oint of the screw would emerge is the N. 
})ole. Test this result with the compass needle and examine iho 
power of the electromagnet of attracting small pieces of iron. 


Testing the Sign of Battery Poles. —The foregoing results 
may be ap^died in order to determine the signs of the poles of 
a battery or other .source of current. A current is passed from 
the source through a length of wire, taking proper precautions to 
avoid excessive current, and the direction in which the current 
flows is determined by one or other of the methods just described, 
llomemberiiig that the current is said to flow from the + terminal 
through the external circuit to the - terminal, the sign of each 
terminal can immediately be given. 

The signs of the terminals can also be determined by examining 
the chemical actions produced by the current. This question will 
be dealt with in a later section (p. 588). 
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§ 3. The Magnetic Field due to an Electric Current 
IN A Straight Wire 

It has been pointed out above that the lines of magnetic 
force due to a current in a long straight wire are in the form 
Current circlcs. Each circle has its centre at a 

> < point on the wire, and the plane of the circle 

is perpendicular to the wire. The direction 
j^of the magnetic force round the circle, and 
^ ^ the direction of the current, are related in the 

same way as the directions of rotation and 
for translation of a right-handed screw. 

^ At a point where the length of the per- 

Fio. 222.— Magnetic pendicular drawn to the wire is r, the value 
Force due to Straight of the magnetic force is 2C/r, where C is the 
current strength in electromagnetic units. 

For a definition of the electromagnetic unit of current see 
the theory of the tangent galvanometer (p. 459). 


In an actual experiment we have to consider the magnetic 
field of the earth as well as the field due to the current. 
It is convenient to arrange for the wire to be vertical and, 
ignoring the vertical component of the earth^s field since this 
has no effect on a horizontal needle, to trace lines of magnetic 
force in a horizontal plane. 

The lines of force may be traced by means of a small compass 
in the same way as the lines of force due to a permanent magnet 
are traced. 

Expt. 214. Plotting the Magnetic Field of a Straight 
Current. —A convenient apparatus consists of a large rect¬ 
angular framework with a covered copper wire passing several 
times round the frame so as to multiply the magnetic effect 
of the current (Fig. 223). One end of this wire is joined to 
one terminal of a small accumulator, the other to a key. 
The electric circuit is completed by connecting the other 
terminal of the accumulator to the key with a short length of 
platinoid wire. If direct current is used for lighting the 
laboratory, the current may be taken from the mains, using 
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a lamp in series with the apparatus to adjust the strength of 
the current (p. 588). 

Place the frame with the vertical sides close to the edge of 
a table and arrange the horizontal drawing board so that it 
rests securely on the tiible. 

Trace the lines of force due to the combined fields when 
the current is flowing either downwards or upwards. Pay 



Fig. 223 .—Field of Straight Current. 


special attention to the lines of force (1) close to the coil and 
(2) near the ‘ neutral' point. 

Having found the position of the neutral point as accurately 
as possible, measure the distance r from this point to the wire. 


At a distance r from the wire the magnetic force due to the 
current is 


F = 


2»C 




where w is the number of wires down the side used, each, wire 
carrying the same current, C electromagnetic units. 
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This magnetic force is balancc^d by the hf)rizoDtal component 
of the earth’s field, H = 0-185 gauss in Great Britain. 

Hence =0-185. 

r 

Calculate the value of t’, tlie current in electromagnetic units, 
and deduce the value in amixjres (one electromagnetic unit is equal 
to 10 amperes). 

VARIATION OF THE STRENGTH OF THE MAGNETIC FIELD 
CLOSE TO A CURRENT FLOWING IN A STRAIGHT WIRE 

It has been stated already (p. 450) that the strength of the 
magnetic field due to a current in a long straight wire is 
given by F = 2C/r at a point distant r from the wire. 

It is possible to show that F is inversely proportional to the 
distance from the wire by either of the methods previously 
described for comparing the strengths of magnetic fields. 

Expt. 215. Variation of the Strength of the Magnetic 
Field due to a Straight Current using a Magnetometer.— 

Place the wire vertically as in the previous experiment, and 
draw a horizonbil line passing through the wire in the direction 
of the magnetic meridian. At some distance r from the wire 
along this line place a magnetometer, and note the deflection 
6 produced in the magnetometer when the current is flowing 
in the wire. Do this at various distances from the wire, and 
arrange a table showing corresponding values of r, 0^ tan 0, 
and r tan 6. 

The field due to the current is east and west at any point 
north or south of the wire, and hence tlie strength of the 
field is proportional to tan 0. The last colunuq r tan 6, wiU 
be found constant, and hence tan 6, or F, is proportional to 1 Jr, 

Expt. 216. Variation of the Strength of a Magnetic 
Field due to a Straight Current by plotting Lines of Force. 

—This method is virtually the same as that of Expt. 215. 
Instead of using a magnetometer to observe the deflections at 
different points along the north and south line drawn through 
the wire, the field is ph)tted at different points where it crosses 
this line, using a compass needle for this purpose. The 
tangent to the line of force where it crosses the north and 
south line is drawn, and the angle between this tangent and 
the north and south line is the angle B, 
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Tliia is measured witli a protractor, and a table drawn up 
as in Expt. 215. 

Suitalde distances are 5, 6, 7, 8, 10, 12, 15, and 20 cm 
from tile wire. 

The Method of Oscillations. —Imagine a line passi ng 
magnetic east and west to be drawn through a vertical wire 
carrying a current. The field F duo to the current in the wire 
at any point in this line is either due north or south; hence 
on one side of the wire the strength of the total field will be 
F + Hq, while on the other side it will be the difference between 
F and being the horizontal component of the earth’s field. 

A short heavy needle (p. 4 20) could bo placed at some 
point on this east and west line, and its period of swing 
observed before switching on the current, i.e. the period of 
the needle could be found in the earth^s field alone. Let this 
period be T^. 

Then 

■‘'0 

If the current were switched on, the behaviour of the needle 
would depend on its position and also on the direction of the 
current. On one side of the wire it would start to swing more 
rapidly than in the earth’s field alone, and with its poles pointing 
in the same direction as at first. On this side, the field of the 
airrent and the field of the earth assist each other. On the 
other side the two fields are in opposition, and the swings would 
be slower than in the earth’s field, or the needle might be 
reversed. If is stronger than F the needle swings less 
rapidly, but if F is stronger than it is turned completely 
round. 

It is important that the needle should be used on the side 
where the fields assist each other: in very weak fields the 
torsion of the fibre has a greater percentage effect than in 
stronger fields, and as we take no account of the torsion, the 
error due to it is correspondingly increased. In the following 
discussion it will be assumed that the needle is placed on the 
side where the fields assist each other. 
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The strength of the composite field at any point being H, 
and the period T, we have 



H = F + Ho, 

and also 


fp2’ 

Hence 


F = H-H, 

= 

Now if F 
etc., taking 
distances 

is proportional to 1 /r, we shall have F^rj = F^r^ = Fgrg, 
F^, F^, Fg, etc., as the strengths of the field at 
7*2, ^ 3 , etc., from the wire. 


If the oorresponding periods of oscillation are T^, Tg, Tg, etc., 
we can write 


" iv4 ~" v) ^2. etc., 

and therefore we can show that = Fgrg, etc,, provided we 
show that 

^{t7 ~ 

The constant C occurs in each expression, and therefore can be 
cancelled throughout, and we shall have proved F proportional 

to i if we show that is constant. 

r Iq^j 

Expt. 217. Variation of the Strength of the Magnetic 
Field due to a Straight Current by the Method of Oscilla¬ 
tions. —Place the wire in a vertical position; draw a line 
passing magnetic east and west through the wire, and measure 
off different distances along the line, say 5, 6, 7, 8, 10, 12, 15, 
and 20 cm. from the wire. 

Place a small oscillating needle (p. 420) at some point on 
the line and determine its period of oscillation before switch¬ 
ing on the current. Call this Tq. 

Switch on the current, observing the behaviour of tha 
needle when this is done. If the needle swings more rapidhf 
tiian before^ and still points in the same direction, the experit 
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ment may be proceeded wifcb; if not^ reverse the direction of 
the cAirrent through the^nvire, when the needle will bo found to 
point as in the earth’s field alone, but will swing m&re rapidly. 
The needle is now oscillating in a field of strength H, which 
is the sum of the strength of the field F due to the wire, and 
the horizontal component of the earth’s field 

Place the needle at each of the points marked along the 
east and west line on this side of the wire where the two 
fields assist each other. Observe the period of oscillation in 
each position. 

Arrange the results of the observations as follows :— 


Period of needle in earth’s field, Tq = . . , sec. 

1 



The last column will be found to be constant, thus showing that 
the magnetic force due to a current in a long straight wire varies 
inversely as the distance from the wire. 

§ 4. The Magnetic Field due to a Circular Coil 
CARRYING an ElECTRIC CURRENT 

It has been shown that an electric current sets up a magnetic 
field in the surrounding space. An important case is that of a 
circular coil of wire carrying an electric current. The lines 
of magnetic force at all points in the plane of the coil are 
perpendicular to that plane. At any such point inside the 
circular boundary the direction of the line of magnetic force is 
related to the direction of the current in the same way as the 
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direction of translation to the direction of rotation of a right- 
handed screw (Fig, 224). 

Expt. 218. Plotting the Magnetic Field of a Circular 
Coil carrying a Current. —A convenient apparatus for this 
experiment consists of a circular coil 
fixed with its plane vertical at the centre 
of a horizontal board. The board is 
raised from the bench so tliat its plane 
cuts the coil across a horizontal dhi- 
meter. Drawing-paper is fixed down 
to the board with pins, a slot being 
cut in the paper to allow it to })ass 
over the top of the coil, and the lines of 
force near to the coil are traced with a 
compass-needle in the same waj as the 
lines of force due to a permanent magnet are traced. 

The lines of force will not represent the field of th(‘. coil 
alone^ but the composite field due to the coil and the earth. 

Arrange the apparatus so that the plane of the coil is in 
the magnetic meridian and send a current through it from 
accumulators or from some other comtant source of current, 
adjusting the current by means of suitable resistances to a 
convenient value. ^ Trace the lines of force wlnui the current 
is flowing round the coil, j)aying special attention to the lines 
of force (1) close to the coil and (2) near the neutral i)oint8. 

Expt. 219. Variation of the Strength of the Magnetic 
Field due to a Circular Coil with the Distance along 
the Axis. 

(i.) By plotting Lines of Force.—If in the foregoing 
experiment the coil is placed with. .ita-ph.ijin in tl^p magn^ tit; 
meridian, the field clue to^ ^the coil all points aku^^its axis 
will be ^st"*and west. The actualTeld tST compounded of 
the field of Che coil an*d the horizontal component of the earth^s 
field, and therefore the lines of force at points along the axis 
will not be exactly east and west, but will be inclined to this 
direction at greater and greater angles as the distance from 
the coil is increased. 

Find the angle between the lines of force and the magnetic 
north at several points along the axis of the coil, by tracing 



Pxa. 224.—Magnetic Force 
due to Circular Current. 


^ Current from the lighting mains can be used conveniently for this experi¬ 
ment wherever direct current is supplied ; a lamp resistance suitable for adjusting 
the current to the required value is described on p, 688. 
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the lines for a short distance as they cross the axis at these 
points. Choose the points at the distances from the coil 
indicated in the lirst column of the following table. If the 
angle between the line of force and the magnetic north is 
6, the strength of the field F due to the coil is proportional 
to tan 0. 

Tabulate the results as below':— 


Distance from 
coil along axis. 

e. 

tan 9. 

7*5 cm. 

10 

12-5 

15 

20 

25 and 30 

\ 



Plot a curve showing the variation of tan 0 with distance. 
This indicates the w^ay in which F varies with the distance 
along the axis. 

(ii.) By use of a Magrnetometer which can slide 
along the Axis.—The most convenient type of apparatus to 



Fia. 226.—Stewart and Geo,Tangent Galvanometer. 


use for this purpose is a tangent galvanometer of the Stewart 
and Gee pattern (Fig. 225). Set up the coil with its plane 
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vertical and parallel to the meridian, using the needle of the 
magnetometer to make this adjustment. | j 

Send round the thin wire coil a current sufficient to give 
a deflection of 75“ or 80“ when the magnetometer needle is 
exactly in the plane of the coil; keep this current constant. 
Slide the magnetometer lx)x along the axis by steps of 1 cm., 
and note the reading of the magnetometer at each distance. 
Continue this motion as far as the apparatus will allow, or 
until the deflection is reduced to 5“. 

Itepeat the measurements on the other side of the coil. 
Tabulate the results as below : — 


Distance 
along axis 
d. 

Deflection 
one «)ide 
(«l)- 

Deflection 
other side 

tan ^ 1 . 

Un 







Plot a curve showing the variation of tan 9 on loth sides 
of the coil. This curve should be symmetrical and should 
have a maximum value when the needle is at the centre of 
the coil itself. 

This method is preferable to the method (i.) where the field is 
plotted, as it enables the readings to be carried on right up to 
and through the middle of the coil. Method (i.) must perforce stop 
near the plane of the coil (unless the centre is cut out), and the 
measurements near to the coil are not very accurate owing to the 
rapid curving of the lines thereabouts. 




CHAPTER III 


APPAEATUS FOE THE MEASUEEMENT OF CUEEENT 

§ 1. The Tangent Galvanometer 

By means of the tangent galvanometer we can measure the 
strength of a current in absolute electromagrnetie units (C.G.S. 
units, defined below). Since one ampere, the practical unit of 
current strength, is defined as one-tenth of the C.G.S. unit of 
current, it is then possible to express the strength of the current 
in terms of the ampere. 

The tangent galvanometer is said to be an absolute instru¬ 
ment, because its indications can be reduced to give the value of 
the current in absolute or standard units. As it is designed on 
lines derived by theory its indications cannot he wrong^ provided 
the conditions demanded by theory are satisfied. The tangent galvano¬ 
meter is thus the standard instrument for the measurement of 
current, and the calibration of all other forms of current meter 
must be made using a tangent galvanometer as the standard for 
comparison. 


THEORY OF THE TANGENT GALVANOMETER 

The C.G.S. unit of current may be defined as that current 
which flowing through a wire 1 cm. long bent into an arc of 
a circle of 1 cm. radius produces a force of 1 dyne on unit 
magnetic pole at the centre. 

m 
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If a current of C units he flowing through I cm. of wire 
bent into an arc of r cm. radius, the magnetic force at the 
centre is 


F = 




The direction of the force is perpendicular to the plane of 
the circle, and is related to the direction of the current as is 
the direction of translation to the direction of rotation in a 
right-handed corkscrew. 

If the wire forms one complete circle, 1 = 27rr, hence 

r 

For a circular coil containing n turns, the force is n times this. 

In the simplest form of tangent galvanometer a circular coil 
is placed with its plane in the magnetic meridian so that when 



Ficj. 226.—Tangent Galvanometer. 

a current flows through the coil the magnetic force due to it is 
at right angles to the meridian. A magnetometer is placed at the 
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centre of the coil, the needle of which is acted on by this force 
F and by the horizontal component H of the earth’s field. 

These forces being mutually perpendicular, the needle will 
be deflected from the direction of the earth’s field through an 
angle 0 such that F = H tan 6, see p. 407. 

If the galvanometer'coil consists of n turns, 



,, 27rriC 

r 

But, since 

F = H tan 6. 

we obtain 

27rnC 

-= H tan 8, 

T 

or 

r. Hr 

C = - tan 0. 

27rn 


Since II can be measured in C.G.S. units (p. 459), this 
equation gives the current C in terms of quantities which can 
all be expressed in C.G.S. units. 

The form of the tangent galvanometer is sometimes more 
complicated. In the general case 

F = GG 

G is called the galvanometer constant. 

If C is unity, G = F, i.e. the galvanometer constant is 
numerically equal to the strength of the magnetic field at the 
centre of the coil when unit current is flowing through it. 

Tlieii C = tan 6>, 

G 

or C = K tan 

where K is called the reduction factor, or simply the factor,^ 
of the galvanometer. 

When ^ = 45°, tan 6-1, and C = K, or the reduction factor 
is numerically equal to the current required to produce a 
deflection of 46*. 

’ Some writers call K the constant of the galvanometer. As K is not constant 
this cannot be lecom mended. 
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Expt. 220. To set up a Tangent Galvanometer and to 
measure a Current in Absolute Units. —Place the galvano¬ 
meter in such a position that the pointer of the needle in the 
magnetometer box at the centre of the coil lies along the 2 ero 
lin^ of the magnetometer scale. If the instrument is properly 
designed and correctly made, the coil will now be exactly 
over the needle, the }>lane of the coil being therefore in the 
magnetic meridian. 

In some forms of tangent galvanometer now on the market 
the magnetometer box has no arrangement fitted whereby it 
can be fixed relatively to the coil. In this case, Ijefore any¬ 
thing else is done, the zero line must be set as accurately 
as may be along the axis of the coil, and care must be taken 
to prevent it from l>eing moved during the experiment. The 
adjustment given above must next be made. 

Adjust the level of the instrument so that the needle 


swings freely. Send 


a current through one coil of the 
instrument from a 
Daniell cell, placing a 
resistance in series so 
as to give a deflection 
between 30” and 50”. 
Use a commutator to 
reverse the direction of 
the current. Read both 
ends of the needle, 

Fio. 227.—Connections for Tangent Galvanometer, the Current flow¬ 

ing first in one direc¬ 
tion then in the other. Measure the radius of the coil as 
accurately as possible and count the number of turns through 
which the current was flowing. Calculate the strength of the 
current in absolute units, and also in amperes.. 



Note. —For descriptions of Commutators, Resistances and 
Rheostats, the student is referred to the chapter * Notes on Electrical 
Apparatus * (pp. 580-588). 


§ 2. Ammeters 

Although the tangent galvanometer serves to determine the 
absolute value of the strength of an electric current, its use for 
practical current measurement is inconvenient for many reasons. 
Two of the most important objections to its use are— 
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(a) Because the deflections of tlie needle are not proportional 
to the current. 

(b) Because the deflection for a given current depends on the 
external magnetic field. 

The first difficulty can be got over by graduating the scale so 
that the readings are proportional to the tangents instead of 
proportional to the angles. 

The second objection is more serious. Any instrument in 
which the determination depends on an external magnetic field 
is unsuited for use in the neighbourhood of large masses of iron, 
while in such places as Electric Supply Stations it cannot be 
used at all, owing to the enormous variable fields set up by the 
working of dynamos and other electrical machinery. Further, 
great inconvenience attends the use of the tangent galvanometer 
in consequence of the fact that it must be placed in a definite 
position relative to the field and cannot be used in anj^ 
other. 

Instruments arranged so as to secure direct readings of the 
strength of a current in amperes (or multiples of an ampere) are 
usually called ampere-meters^ or, as the word is usually contracted, 
ammeters. These ammeters are designed in various ways : some 
depend on the elongation of a wire due to the heating effect of 
the current flowing through it; others on the attraction, or mutual 
turning effect, between two coils carrying the current; but the 
majority depend on the rotation of a small coil carrying a 
definite fraction of the current when placed in the strong magnetic 
field between the poles of a permanent magnet. 

THE MOVING-COIL AMl«gETER 

This instrument is very important, but to understand its 
action requires a greater knowledge of the subject than the student 
at this stage is supposed to possess. This lack of knowledge 
need not preVent its use, however, as the method of Using it is 
so simple. A description of the apparatus is given in a later 
chapter (p. 577). 

Q 



464 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. VI 


THE ATTRACTED IRON AMMETER 

A form of ammeter simple to understand is the Attracted 
Iron Ammeter. 

In the simplest form of attracted iron ammeter ^ there is suspended 
from a spiral spring a bar of iron, whoso lower end just enters a 
long coil, or solenoid, of wire. 

When a current passes round this coil, the 
iron bar is magnetised and is attracted some 
distance into the coil. The amount of motion 
which takes place depends on the force of 
attraction and the stiffness of the spring. The 
iron moves down until the attracting force is 
just equalised by the extra tension of the 
spring due to its elongation. 

Now for a given current there is a definite 
pull exerted on the iron by the coil, and 
therefore the spring will always stretch to the 
same amount when this current passes round 
the coil. The relation between the pull on the 
iron and the current in the coil is, however, 
not simple by any means; in fact, no single 
law which would apjfiy to every case could be 
... . ,» given to exr>re8S this relation. The instru- 

Pia. 228.—Attracted Iron ® .li .c j. i 

Ammeter. ment thus differs from the tangent galvano¬ 

meter in that the relation between extension 
and current is empirical, ^.e. can be found only by trial, while the 
tangent relation between the deflection and current in a tangent 
galvanometer can be predicted from theoretical considerations. 

Expt. 221. Calibration of an Attracted Iron Ammeter. 

—Set up a tangent galvanometer for use (p. 462). Connect in 
series with it through a reversing key, the ammeter to be 
calibrated, a cell capable of supplying large currents, and a 
rough regulating resistance (with a length of bare platinoid 
wire to give closer adjustment if required). Use the thick 
wire turns of the galvanometer. The connections are as in 
Fig. 229. 

An ordinary resistance hox must not on any account he used 
in this experiment : the large currents used would completely 
ruin the coils. 

Both the ammeter and the regulating resistance must be 
^ See also p» 576. 
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kept as far as possible from tlie tangent galvanometer, so as to 
diminish the effect of the magnetic fields due to them on the 
needle of the galvanometer. The wires leading to the tangent 
galvanometer should be twisted together so that the magnetic 
field due to one may neutralise that due to the other. Twin 
flexible connections are very useful in this case. 

Observe the reading of the ])ointer of the spring balance and 
of the needle of the galvanometer when a current is passing 
round the circuit. 

Ileiieat the observations for different values of the current, 
choosing values which will give deflections of the galvanometer 
increasing by approximately 5° at a time. 

Determine the number of turns (usually one or two in this 
experiment) in the coil of the galvanometer, and the radius of 
the coil. Tlie value of H, the horizontal component of the 
earth’s magnetic field, can be found by the method described in 
the magnetism course (p. 427). It may be taken as about 
0-185 in London at the i>resent time. 

The exi)ression for the current in absolute units (p. 4G1) is 

C = tan d, 

27rn * 

or in amperes 

5rH 

O (amp.) =- tan 0, 

^ ^ ^ mi 

The results should be arranged in tabular form under the 
headings :— 


.\jnmotor Road in g. 

e. 

tan 0. 

C (amp.X 






Plot a curve showing ammeter readings as abscissae, and 
currents as ordinates. This curve can then be used at any 
time to reduce ammeter readings to currents in amperes. 

Expt. 222. The Calibration of an Ammeter already 
graduated. —Join up in series a 2-volt accumulator, an ad¬ 
justable resistance, an ammeter and the tangent galvanometer. 
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Note the following points :—- 

(1) Use the galvanoijieter terminals connected to the single 
turn of thick copper wire. 

(2) Use a commutator so as to be able to reverse the current 



Flo. 229.—Calibration of an Ammeter. 

A, ammeter reading to 3 or 5 amperes* 

It, resistance of about 5 to 7 ohms, 

B, 2-volt accumulator. 

G, tangent galvanometer. 

K, reversing switch. 

through the galvanometer (not through the ammeter) and take 
readings on both sides of the zero. 

(3) Be careful to connect the -f pole of the accumulator to 
the + terminal of the ammeter. (This is immaterial with a 
hot-wire instrument.) 

(4) As most ammeters contain a strong permanent magnet, 
the ammeter must be jilacod as far as possible from the tangent 
galvanometer. 

(5) Twin wires must be used from the commutator to the 
ammeter, or else the two wires used must be twisted together; 
otherwise the field due to the current in these wires will have 
an appreciable effect on the galvanometer reading. 

Take a series of readings of the ammeter and galvanometer 
for different values of the resistance. The resistance should be 
adjusted so as to alter the current by about, half an ampere 
between the readings. 

Measure carefully the diameter of the coil of the tangent 
galvanometer, using a pair of beam compasses. 

Calculate the galvanometer constant G, and also the reduction 
factor K. 
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G= , 

Tlien calculate the current through the galvanometer in absolute 
units and deduce the value in amperes. 

rH 


0 = 


- tan 0 


in electromagnetic units, and one absolute electromagnetic unit 
equals 10 amperes. 

The table of observations should be arranged as below :—> 


Ainrnetnr 
Ueudiiig, A, 
in Nominal 
Amiieros. 

Tanj^ent Galvanometer. j 

A 

Deflection 9. 

tan 9. 

C (abs. units). 

C (ami>.). 

C‘ 








DISCUSSION OF EXPERIMENTAL RESULTS 

The errors of an ammeter may be divided into two types:— 
(a) If the last column, giving the ratio of A to C, is a 
constant, it means that the instrument is self-co7isistenty Le. that 
the current is proportional to the indications of the ammeter 
even if not actually equal to them. Any error, therefore, is a 
proportiortal error, and the true current can be obtained by 
multiplying the current indicated by the ammeter by a certain 
factor which is the same for all parts of the scale. 

To determine the Correction Factor, calculate the mean of 
the approximately equal values of A/C. The reciprocal of this 
quantity is the correction factor, for the true current is given 
by multiplying the ammeter reading by the mean value of C/A. 
{h) If the values of A/C are not constant within the limits of 
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experimental error, a correction table should be arranged as 
follows :— 


Reading, A. 

True Current, C. 

Corref^tion, C ~ A. 





A correction curve should be plotted, with C - A as ordinate 
and A as abscissa. The ordinate corresponding with any read¬ 
ing gives the correction to be added to that reading to give 
the true current. 

Any zero error may bo included in this curve. 

Note.—I n case (a) the value of C is calculated on an assumed 
value of H. If A/C is not unity, the divergence may be due to 
an error in the assumed value of H. The value of H determined in 
tho experiment on the earth’s field foi' tJie particular place where 
the galvanometer is used should be taken. If H is not known with 
certainty, it should be determined and C recalculated before con¬ 
cluding that the ammeter is incorrect. 

§ 3. Ohm’s Law 

Ohm’s Law (1827) states that when two points are taken on 
a linear conductor, the ratio of the difference of potential E 
between those points to the current C flowing through the 
conductor is a constant, that is, it depends only on the form, 
dimensions and physical condition of the conductor. This con¬ 
stant ratio is termed the resistance li of the conductor. Thus 



If E and C are measured in C.G.S. electromagnetic units, 
then R will also be in C.G.S. units. If practical units are 
employed C will be in amperes, E in volts, and li in ohms. 
The ohm =10® C.G.S. units. For purposes of practical measure¬ 
ment the International Ohm is defined as the resistance of a 
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column of mercury at O'" C., 14*4521 gm. in mass, of a constant 
cross section, and of length 106*300 cm. 

The reciprocal of the resistance is termed the conductance. 

Ohm’s Law may be extended to a complete circuit, if K now 
represent the electromotive force (E.M.F.) in the circuit and K 
the total resistance of the circuit. 

Hence the current flowing round the circuit is given by 



The current has the same value at each point of the circuit, 
and may be measured by introducing a tangent galvanometer at 
any part of the circuit. The strength of the current is then 
given by 

C = K tan 0, 


where K is a constant called the reduction factor, or simply the 
factor, of the galvanometer. 

Combining those two values for C we obtain 
F 

- K tan 0, 


or 


E 

= It tan 0, 

K 


Hence if E, the electromotive force in the circuit, is constant, 
B tan 0 must be a constant quantity, 

Expt. 223. An Experiment illustrating Ohm's Law and 
the Law of the Tangent Galvanometer. —Join up in series 
with the galvanometer a 2-volt accumulator, a resistance box, 
and a key. As the internal resistance of the accumulator is 
small, and a large current would damage the resistance coils, at 
least 30 ohms must always be kept in the circuit, i.e, K loust 
be not less than 30 ohms. Sometimes the tangent galvanometer 
is provided with a number of terminals on one side of the 
stand. In this experiment the two terminals connected with 
the largest number of turns should be used so that the current 
may pass through all the coils of the galvanometer. Commence 
by having in the circuit all the resistance in the box (when 
the plugs are taken out of the box, resistance is put in the 
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circuit), and observe the deflection of the tangent galvanometer 
with the current flowing first in one direction and then in the 
other. Take the mean of the two readings as the measure of 
the true deflection. 

Make a series of observations, taking out in succession plugs 
corresponding to resistances of (say) 210, 190, 170, 150, 130, 
110, 90, 70, 50, and 30 ohms. 

Make a table of the results thus :— 


R ohms. 

Dofleclion 0. 

tau 0. 

R tan e. 






If K tan B is constant R must be proi)ortional to cot B, Plot a 
graph, taking values of II as abscissae and the values of cot B as 
ordinates. This should yield a straight line. 

The constancy of the last column of the table is a conse¬ 
quence of the two laws C — K tan B and C = E/11. 

In taking 11, the resistance in the box, as ih^full resistance of 
the circuit, it is assumed that the resistances of the galvanometer 
and of the battery are negligible. If this is not the case, a value 
X equal to the sum of these (assumed known) should be added to Jl 
and another column (R + x) tan B drawn out. This will be more 
nearly constant than R tan B, 

If a; is not known, an approximate value for x can be obtained from the 
first and last numbers in the column R tan 6. 

Let the first resistance be Rj and the deflection corrcsi)onding to this 
the last resistance being Rg deflection 6,^. Tlien we know that 


whence 


(Ri + x) tan = (Ra -f- x) tan 0^ 
_R 2 tan 9,2, - Ri t an 0i , 

~ tan $1 - tan $2 


Substitute this value of x in tlie expression (R-f a?) tan 0 and calculate 
the value of (R + x) tan 0 for each set of observations. 

The type of variation of the column R tan 0, if accurately determined, 
affords an interesting example of the effect of a systematic error involved in 
an experiment. It will be found that R tan 0 on the whole increases sieadilfi 
as the higher resistances are approached. This is due to the fact that tlie 
quantity x which has been neglected becomes of less and less relative im 
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j^ortanco as tlio total resistanoo gets larger, so that the values of R tan 6 
approach tlie true constant (R + x) tan more and more closely as K i& 
increased. 

Whenever a regular increase or decrease takes jdace in a quantity v hieh 
should ho constant, as one factor of the constant is altered steadily, a 
systematic error of this type should he looked for in the experiment or in 
the method of working out. 


RESISTANCE BY THE METHOD OF SUBSTITUTION 

When a resistance box, containing a number of coils of known 
resistance arranged in series, is available, a simple method of 
finding the value of an unknown resistance is that known as 
the Method of Substitution. A current from a cell or battery 
of constant E.M.F. is passed through the unknown resistance 
and through a galvanometer, and the deflection of the galvano¬ 
meter is observed. 

The type of galvanometer used is immaterial provided a 
reasonable deflection can be obtained with the resistance and 
E.M.F. available. If the deflection be too large, it may be 
diminished by shunting the galvanometer, that is by joining its 
terminals by a resistance, such as a piece of platinoid wire, so 
that only a fraction of the whole current passes through the 
galvanometer. A tangent galvanometer will serve well for this 
experiment in general. 

The unknown resistance is then replaced by the resistance 
box, and the resistance of the latter adjusted till the galvano¬ 
meter deflection has the same value as before. Then obviously, 
if the E.M.F. has remained constant, the unknown resistance 
must be equal to that obtained by the use of the resistance box. 

Expt. 224. Determination of a Resistance by the Method 
of Substitution. —Connect up in series a cell B, a galvano¬ 
meter G, and the resistance R which is to be determined. If 
a tangent galvanometer is used, it should be set up with a 
commutator K, in the manner described on p. 462, with the 
current passing through all the turns of the galvanometer. 
Wliere this is not possible, the coil having the largest number 
of turns must be used. 

The cell used may be a Daniell cell, since that gives a 

Q2 
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constant electromotive force, or it may be a secondary cell. 
In the latter case, since the internal resistance of the cell is 
small, great care mmt he taken in the second part of the ex 2 >eri‘ 
Tiient when the resistance box is substituted for the unknowri 
resistance. 

Measure the deflection with the unknown resistance in the 
circuit, reading both ends of the needle or pointer of the 
galvanometer, with the current flowing first in one direction, 
then in the other. 

Replace the unknown resistance by the resistance box, 
from which all the 2 dngs should have been removed^ and adjust 
the value of the resistance down to such a value that the mean 
deflection may have the same value as before. The resistance 
must 7iot he redAtced hehm 30 ohms in any case. Then the 
sum of all the numbers from w'hich plugs are absent in the 
resistance box represents the value of the unknown resistance. 

Note on Determination of Resistance by Substitution. —Tho degree of 
accuracy oKtainable by this experiment is not at all large. It is an experi¬ 
ment whose accuracy dej^nds on the accuracy of reading deflections, and 
therefore is inaccurate to the same degree as tho readings of the deflections 
may be inaccurate, viz. to 2 or 3 per cent. 

Also, the adjustment of the reshsiance in the resistance box is only 
jKJssible in definite steps of 1 ohm (or possibly 0-1 ohm if a “decimalohm 
box is used). The value of the equivalent resistance substituted for the 
unknown can never bo correctly adjusted except in the rare cases when the 
unknown resistance is an integral number of ohms (or tenths of an ohm). 

Furthemiore tho limits of resistance for which the method is at all suit¬ 
able depend largely on the galvanometer used. For resistances between 
30 and 70 ohms an ordinary tangent galvanometer is useful. Above 70 ohms 
or thereabouts, a more sensitive type of galvanometer must be used. The 
method is entirely unsuited for loiv resistances. 

The only way to test whether the unknown resistance is of magm*tude 
suitable for determination by this method is to connect it up to the rougliest 
form of galvanometer available. If the deflection is small, 6° or so, the 
method may be used, but a more delicate galvanometer must be employed. 
If the deflection is between 10® and 70® the galvanometer first chosen may 
be used. If the deflection is above 70® with the roughest galvanometer 
available, the method is quite unsuitable for this particular resistance and 
another way must be used (see Wheatstone’s Bridge, p, 496), 

RESISTANCES IN SERIES AND IN PARALLEL 

If resistances Rj, Rg* connected in series^ their 

equivalent resistance R is the sum of the separate resistancea 
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Resistances connected in parallel^ however, have an equivalent 
resistance less than any one of the constituent resistances; the 
total conductance in this case is the sum of the conductances 
of the constituent resistances, i.e. 

For resistances in Series 
R=Ri+Ra+R 3 +etc. 

/tes/stances fn Series 

R, R, 

-WW-VV\MV— 


Resistances in Parallel 



R. 


Pia. 230.—-Resistances in Series and in Parallel 


For resistances in Parallel 


"to” o' ®tc. 

K Ki K2 Kj 

Expt. 225. An Experiment on Resistances in Series and 
in Parallel. —Measure the value of two separate resistances 
Rj and R^j by the method of substitution. Next place the 
two resistances in series with one another, and measure the 
resultant resistance, R, also by the method of substitution. 

Verify the result that R = R^ -f R^. Finally arrange the 
two resistances in parallel with one another and measure the 
equivalent resistance, S, in the same way. 


Verify the result that ^ 


1 

i\ Rj' 


GALVANOMETER SHUNTS 

When a resistance of S ohms is placed in parallel (i.e, as a 
shunt) with a galvanometer of resistance G ohms the current 
flowing through the galvanometer is reduced in general. When, 
however, a constant P.D. is applied to the galvanometer termir 
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nals, shunting the galvanometer has no effect on the current 
flowing through it. 

It is assumed that the total current flowing round the circuit is 
unaltered hy the introduction of the shunt. This will be practically 
true provided the resistance of the remainder of the circuit is 
large compared with the resistance of the galvanometer. 

Let C = total current flowing round the circuit, 

Cj = current through the galvanometer, 

Cg = current through the shunt, 

then C - Cl + 



Fia. 281.— Principle of Galvanometer Shunt, 


Let E = difference 
Law 

So 

Hence 


of potential between A and B. 

E = CjC, 

E^Cga 

c,s=Cja 

C,_G 

Ci“S‘ 


Add 1 to each side, 
or, finally. 


^2 

^1 



+ 1. 


Co + c, a + s c 
Cl s “c; 


By Ohm’s 


Hence if the ratio C/C^ is found, the value of the resistance 
of the galvanometer G can be found in terms of S. 

If a tangent galvanometer be used, the current is given by 
the equation C = K tan where K is the reduction factor and 
^ the deflection of the galvanometer due to the current C, 
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Denoting the deflection without the shunt by and the deflec 
tion when shunted by we have 

C K tan</> 



Cj K tan ' 

But 

C G + S 

Cl - s’ 

therefore 

*G + S tan ^ 

S tan 

whence 

\tan <p-^ / 


The student must deduce this from the above. 

Expt. 226. Determination of the Besistance of a 
Galvanometer by Shunting. — Connect up, as shown in 
Fig, 232, a secondary cell B, a reversing switch K, and a 
resistance R (which must be at least 40 ohms) with the 
galvanometer G and the shunt S. 



Fia. 232.—Resistance of Galvanometer by Shunting. 

Observe the deflection of the galvanometer before con¬ 
necting the shunt to it, then connect up the shunt and find 
the deflections corresponding with va>rimis shunt resistances; 
a suitable range of S for an ordinary tangent galvanometer 
would be from 1 to 20 ohms. 

The current must be reversed for each reading and the 
mean of the deflections taken as the true value of 

Arrange the observations in a table as shown :— 
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Wlien no shunt is connected, the shunt resistance is infinite, 
the deflection in this case is the full deflection <l>. 

The last column will he a})proximately constant, its mean 
may he taken as the value of G. 

Note. —Tho method of working out the value of G in this experiment 
is based on the assumption that tho total current is not appreciably altered 
when tiie shunt resistance is connected up. Unless R is at least 20 times 
the value of G, this assumption is not sufficiently near to the truth. 11, 
therefore, tho value of the numbers in the last column is greater than 5 per 
cent of R, the ex])eriment should be repeated, using a resistance R of the 
requisite magnitude. 

When O is only 5 per cent of R the maximum variation of current cannot 
exceed 5 per cent, even when G is entirely short-circuited, and the errors in 
the deflections observed may introduce errors of this magnitude into the 
result. The best value of G corresponds with a shunt S which gives 
tan 01 = ^ tan 0 . 

The value of G may also be calculated from the expression 

RG tan 0 - 

S(RiG)~tin^“^* 

even when R is less than 20 times G. 




CHAPTER IV 


ELECTROMOTIVE FORCE AND INTERNAL 
RESISTANCE OF A CELL 

§ 1. Simple Discussion of the Action of a Voltaic Cell 

The following discussion is not to be taken as a theory of the 
fundamental electrolytic and chemical actions which are con¬ 
cerned in the action of a voltaic cell, but is to be used merely 
as a useful working hypothesis of the action in so far as it affects 
the P.D. between the terminals, etc. 

CELL ON ‘OPEN CIRCUIT^ 

Two plates of different metals immersed in a suitable solution 
at once acquire a difference of potential In the following treat¬ 
ment the case of a simple cell will be considered, the terms 
copper and zinc being used to indicate the positive and negative 
plates respectively, though the general account of the happenings 
detailed will apply to any type of cell whatsoever. 

As soon as the plates are put in the liquid, positive electricity 
begins to move through the liquid towards the copper. This 
positive electricity may be supposed to come from the zinc 
plate, which is accordingly left negatively charged. The motion 
of the positive electricity is due entirely to the chemical nature 
of the cell, and the electromotive force producing the flow of 
electricity may be termed an Eleetpomotive Force of Chemical 
Action or a Chemical E.M.F. 

This chemical E.M.F. urges positive electricity froiiL. the 

477 
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zinc plate to the copper plate through the liquid in the cell, 
that is to say, the E.M.F. of a cell acts from the negative 
pole to the positive pole of the cell. 

This statement is universally true for all cells, and it must 
be noted that the term the E.M,F. of a cell means simply the 
force driving electricity through the cell, and as such it can 
only be used with reference to the interior action of the cell. 

The positive electricity carried across the cell from the zinc 
to the copper causes the potential of the copper plate to be 
raised above that of the zinc, and there are now two forces 
acting on any electric charge inside the cell. A positive charge 
inside the cell is urged from the zinc to the copper by the 
E.M.F. of the cell, and is urged from the copper to the zinc in 
consequence of the jmteiitial difference between these two, this 
P,D. having been acquired as a result of the action of the 
chemical E.M.F. of the cell 

The P.D., so far from being identical with the E.M.F. of 
^ the cell, as is often imagined to be the case, is only a result 
of the action of this E.M.F.; inside the cell the P.D. and the 
E.M.F. act in opposition. 

The plates are not connected externally in any way, since 
the cell is on open circuit, and therefore the potential difference 
continues to rise, due to the accumulation of electricity on the 
two plates. It cannot rise indefinitely, however, for there is 
only a limited E.M.F. acting inside the cell. The potential 
difference will rise to such a value V' that the tendency of the 
positive electricity to flow from zinc to copper under the E.M.F. 
of the cell is just balanced by its tendency to flow from copper 
to zinc due to the P.D. When this balance between the 
E.M.F. and the P.D. occurs, no motion of electricity will take 
place in either direction through the cell, and all action ceases. 

Thus on open circuit, or generally, when no current is 
>/ flowing in either direction through the cell, the P.D. between 
the plates of the cell will be equal to the E.M.F. of the cell. 

Again, it must be pointed out that the two quantities are 
not identical, the P.D. on open circuit, Y", acts so as to send 
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positive electricity from the copper to the zinc, while the E.M.F. 
of the cell, E, which only exists inside the cell, acts from the 
zinc to the copper. 

On open circuit _ p 

It is impossible to measure E directly; we can only measure an 



Zn (M 



E.M.F. due to 

Chemical action 

- 

P.D. * 

Net E.M.F. ^0* 
since V'“E. 



External Reslstanee R. 


u 


Zn Ou 

P.D. 

-V 



E.M.F. due to 
Chemical action 

«E— 

P.D. 

Net E.M.F. 

Current in ee//— 0 



Fid. 238.—Cell on Open Circuit. 


Fia. 234.—Cell on Closed Circuit 


E.M.F, by the P.D, it creates, therefore to measure the E.M.F. 
of a cell we measure the P.D. across its terminals when on open 
circuit, the value of this P.D. (V') being equal to the E.M.F. 
of the cell, E. 


CELL ON ‘CLOSED CIRCUIT' 

Outside the Cell. —Suppose the plates of the cell to be con¬ 
nected by a wire of resistance It. The electricity at once begins 
to flow through this wire under the action of the P.D. between 
the plates. There is no chemical action in the wire at all, and 
hence the P.D. is the only force driving electricity through it, 
and therefore the electricity will flow from copper to zinc through 
the wire. 

At once, as soon as the wire is connected up, the potential 
difference between the two plates will begin to diminish owing 
to the passage of electricity from one plate to the other. If V 
be the v^lue of the potential difference at any instant, the current 
flowing through the wire will be 

^ V 
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Cj representing the current in the external circuity i.e, the current 
in the wire. 

Inside the Cell there is still the E.M.F. of the cell acting, and 
the value of this will not have altered in the slightest (polarisa¬ 
tion effects will be considered later) since it is a property of the 
chemical constitution of the cell. Its action is not now opposed 
by the potential difference but by a diminished P.D., V. 
The E.M.F. will therefore begin to drive electricity through the 
cell again, from zinc to copper, the net driving force being the 
difference between the E.M.F. of the cell and the value of the 
now diminished P.D., V. If the resistance of the cell (its internal 
resistance) is B, the current flowing inside the cell from zinc to 
copper will be 


Thus, we have going on simultaneously a flow of electricity 
away from the copper plate through the external circuit equal to 



units of electricity per second, and a flow of electricity towards 
the copper plate from the inside of the cell equal to 




E-V 

B • 


As V gets smaller and smaller, the rate of loss of electricity 
from the copper plate, C^, will diminish, and the rate of gain of 
electricity, Cg, will increase. When these two become equal, Y will 
become steady again, though of course less than V', and we shall 
have 

C, = Cg, 


Y E- Y 
K“ B 


Thus, when a cell has its external circuit completed through a 
simple resistance R, the P.D, between the plates falls to some 
value Y, such that the current inside the cell from zinc to copper 
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is equal to the current flowing outside the cell from copper to 
zinc. The relation between the new P.D. (V), the E.M.F. (E) 
of the coll and the internal and external resistances being 

Ii~ B • 

This relation can also be proved by a different method (p. 487). 

It will, of course, be realised that the adjustment of the P.D. 
to the value V' = E is almost instantaneous, and the P.D. falls 
to its steady value V in an extremely minute fraction of a second 
when the external circuit is closed. 

When a current is driven through a cell from copper to zinc 
(or from positive to negative) the potential difference applied has 
to be greater than E, because it overcomes E and also overcomes 
the resistance of the battery. The student is recommended to 
investigate this case in the same manner as above, and to show 
that the current driven through the cell or battery from positive 
to negative is given by 


where V is the applied P.D. This result is useful in charging 
accumulators. 

Effect of Polarisation.—Polarisation occurs in a cell due to 
any change in the chemical constitution of the cell. If too large a 
current is taken from the cell, the liquid round the zinc becomes ‘ used 
up,’ or the oxidising agent near the positive plate is unable to cope 
with the rapid generation of hydrogen there, and so the i>late becomes 
coated with hydrogen. The chemical constitution of the liquid just 
near the i)lates is thereby changed, and the plates themselves are 
altered in character. The E.M.F. of the cell is changed in consequence 
and is not restored to its original value until diffusion of the liquid 
and oxidation of the hydrogen has reproduced the original condi¬ 
tions. It is assumed in the foregoing discussion that the cell is never 
overloaded to such an extent as to produce polarisation. 
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§ 2. Comparison of Electromotive Forces of two Cells 

SUM AND DIFFERENCE METHOD USING A GALVANOMETER 

This method enables us to compare the electromotive forces 
of two cells, but does not give an absolute measure of the 
electromotive force. 

In addition to the cells or batteries to bo compared, a 
galvanometer or some other instrument for measuring the 
strength of a current is required, together with a resistance to 
adjust the current to a suitable value. Let be the E.M.F. of 
the first cell, the resistance of which is and Eo the E.M.F. of the 
second cell, the resistance of which is Bg. Let (I be the resistance of 
the galvanometer and R the resistance of the rest of the circuit. 
None of these resistances need be known, but they must all be 
constant during the whole of the experiment. 

The cells are first connected in series with the resistance 
and the galvanometer, arranging the cells so as to assid each 
other: the E.M.F. in circuit now is the sum of the E.M.F.S of 
the two cells. 

By Ohm’s Law and the definition of resistance 

E.M.F. in Circuit .. . n • i 

_^ — -- = Current flowing round circuit, 

Resistance of Circuit 

i,6, Ej + Eg p 

R + G + B/TBg "" 

Cj is the current flowing in the circuit, and is measured by 
the deflection of the galvanometer. 

One of the cells is now reversed—for preference this should 
be the weaker, say Eg, though it is immaterial which cell 
is reversed if the galvanometer is used with a reversing 
commutator. 

The E.M.F. now in circuit is E^ - Eg, and the current will have 
some value Cg, given by 

^1 ^ 2 _ 0 
R + G + + Bg 2- 
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Cg is measured by the deflection of the galvanometer and then, 
since none of the resistances have been altered^ we have 


or 


e, + e,_C3^ 

Ej-E, C,’ 

E, ^ C, + Cj 

Expt. 227. Comparison of E.M.F.s by the Sum and 
Difference Method using a Tangent Galvanometer. — The 

method may be used to compare the E.M.K.s of a 
Leclanch^ and of a Daniell cell, or to compare either of these 
with that of an accumulator. 

Set up a tangent galvanometer G with a commutator K as 
described on p. 462, connecting in series with the galvano¬ 
meter, a resistance box, E,, from which all the plutjs Juive been 
removed. The current 
should go through all 
the coils of the gal¬ 
vanometer. 

Arrange the two 
cells Bj, in series 
so as to assist each 
other, and connect 
them so as to send a 
current through the 
galvanometer and the 
resistance box in 
series, the connections 
being made so that 
the current through 
the galvanometer can 
be reversed (Fig. 235). 

Reduce the resist¬ 
ance of the box by 
inserting plugs until 
the deflection of the galvanometer is about 60” to 70” : In no 
case must the resistance of the box be reduced to less than 30 
ohms. 

Read the deflection of the galvanometer with the current 
passing through it, first in one direction, then in the other : let 
the mean of the readings be Then the current is given 

= K tan 




Case 2 Difference 

Pig. 286.—E.M.P.s by 8am and Difference. 
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where K is the reduction factor of the galvanometer (this need 
not be known). 

He verse the weaker of the two cells as sliown in Fig. 235, 
but do not alter any other connection in the circuit; if possible 
avoid shaking the cells while disconnecting IL, and connecting 
it up reversed, otherwise their internal resistances will be 
changed. 

If ^2 mean deflection observed with B 2 reversed, 

Co = K tan ^ 2 * 

Thus, since (P- 

, E, + Eo K tan 0, tan 0. 

we have = iy-: -zr = r —z • 

E^ -- E 2 K tan 0^ tan 6^ 

From this it follows that 

E, _ tan 0^ 4- tan 0^ 

E 2 tan — tan 

Calculate in this way the ratio of the E.M.F.s of the two cells 
used. 

If one cell is a Daniell, with a solution of ZnSO^ as the ex¬ 
citing liquid, its PIM.F. may be taken as 1*08 volts, and the 
E.M.F. of the other cell can be calculated on this assumption from 
the ratio obtained by experiment. 

THE POTENTIOMETER 

The potentiometer is an apparatus used for the comparison 
of electromotive forces. It is usually in the form of a long 
uniform wire stretched on a flat board, which is fitted with a 
sliding key so that contact may be made with any desired point 
on the wire. When the wire is very long, it is often arranged 
in zigzag fashion on the board so as to economise space, or a 
number of parallel wires may have their ends so connected by 
thick pieces of copper that a current may be passed through 
them in senes. In considering the theoiy of the apparatus it 
will be simpler to think of a single straight wire (Fig. 236). 

A constant battery S (which may consist of one or two 
secondary cells) is used to send a steady current through 
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the uniform wire AD. The point A is connected with the 
positive pole of the battery, so that there is a fall of potential 
from the point A to the point D. If the wire be uniform, the 
potential will diminish in a regular way as we pass from A to D. 

The object of the experiment is to compare the E.M.F.s of 
two cells, which may be called and £ 2 - The first cell has 
its positive terminal connected to the point A, its negative 
terminal is connected through a galvanometer G to the sliding 
key, which makes contact with a point P on the potentiometer 
wire. By moving the key backwards and forwards, a point Pj 
is found such that no deflection of the galvanometer is observed 
when the key is pressed down. When this is the case no 



current flows through the galvanometer. If no current flows 
through the galvanometer, the potential of the point P^ must 
be the same as the potential of the pole of the cell connected 
to the galvanometer, i,e, the fall in potential through the cell 
must be exactly ecpial to the fall of potential along the wire 
between A and Pj^. There is, however, no current flowing 
through the cell, therefore the P.D. between the plates is equal 
to the E.M.F. of the cell (p. 478). The condition that is 
satisfied, therefore, is that the electromotive force E^ of the cell 
under test is exactly equal to the difference of potential between 
A and Pj. 

The same process is then carried out with the cell Eg, and 
a point Pg is found, such that the electromotive force Eg exactly 
balances the difference of potential between A and Pg. 
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Hence 


El „ Hiff. of potential between A and 
^2 and 1 2 


Now if the steady current through the potentiometer wire 
be C, 

IM). between A and = C x Resistance of AP^^ and 
P.]>. between A and P 2 --Ox Resistance of AP^. 


Thus 


Ej _ Resistance of APj 
Eg Resistance of APg 


Length of AP^^ 
Length of Al^g’ 


assuming the wire to be uniform. 

The comparison of E.M.F.s is carried out by comparing the 
lengths of the potentiometer wire necessary to secure a balance. 


Expt. 228. Comparison of the E.M.F.S of two Cells by 
means of a Potentiometer. — Connect a constant cell or 
battery S to the ends of a potentiometer wire AD, the i^ositive 
terminal of the battery being connected to A. To A connect 
the positive terminal of one of the cells to be compared, 
connecting its negative terminal to a galvanometer. The 
sliding contact P which moves along the potentiometer wire 
is connected to the other terminal of the galvanometer, and 
P is moved along the wire until a point is found where no 
deflection is produced in the galvanometer when P is depressed 
so as to make contact with the wire. The length AP^ on the 
potentiometer wire is then measured. The second cell Eg is 
then substituted for Ej, and the length APg determined. 

Since there may be some change taking place in one or 
other of the cells in use in the experiment, it is necessary to 
repeat the observations, using first one and then the other 
of the two cells under test. It is accordingly convenient to 
introduce a two-way switch, so that it may be possible to 
change quickly from one cell to the other. By changing over 
rapidly in this way, the adjustments can be made in a very 
short time, and thus there will be less chance of error due to 
variation of the steady current in the wire. 

The apparatus would then be arranged as in Fig. 237. K 
represents the two-way switch which connects A to E^ or Eg 



OH. IV E.M.F. AND INTERNAL RESISTANCE OF A CELL 


487 


at will. Determine the mean values of AP^ and APjj, and 
calculate the ratio of Ej to Eg. 

As a confirmation of the first comparison connect the two 



Fio. 237.—Connections for Potentiometer. 


cells in series (a) so as to assist one another, (h) so as to 
oppose one another, and compare the resultant E.M.F.s. If 
/p /g are the readings on the potentiometer wire corresponding 
to these two cases we have 


E, + Eg__/, 

, ., « Ej /j + /g 

and thereiore ^ j' — 7 • 

ilig — ^2 

Note. —It is obvious that if the negative pole of the constant cell were con* 
nectcd to A^ and the negative pole of the cells under test were also connected 
to Aj, the experiment could be carried out just as well: the rise of potential 
from A to P along the wire would be equal to the E M.F. of the cell when 
no current flow's in the galvanometer. 


§ 3. Measurement of the Internal Resistance 
OF A Battery 


The internal resistance of a battery can be measured by 
means of a voltmeter and a suitable resistance. If a cell with 
an internal resistance of B ohms be connected to a wire of 
resistance R ohms, then according to Ohm*s Law the current, C, 
will be given by the equation 


C = 


E 

R + B' 


where E is the E.M.F. of the cell in volts. 
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In an ordinary voltmeter the resistance is very large, so 
that the current passing through the coils is extremely small. 
It may, indeed, be assumed that no current whatever flows 
through the voltmeter. Theoretically it would be better for 
the present experiment to use an electrostatic voltmeter, which 
would measure the potential difference between the terminals 
of the cell without taking any current. 

The potential difference between the terminals wlien these 
are not connected together is V' volts, V' being equal to the 
E.M.F. of the cell (E). When they arc connected by a wire 
it will be less than V'. 


As this point sometimes causes difficulty it may be useful 
to consider an analogous case. Suppose we have an endless pipe 
_|p through which water 

can be driven by 
moans of a turbine, T 
^^ 238). When the 

\ stop-cock S is closed 

j I the turbine will de- 

velop a certain pres- 

_ W sure which can be 

T, XT : A , measured by means of 

Fia. 238.—Hydro-dynamic Analogy. 

a vertical pipe as 
shown. When the stop-cock is opened, the pressure indicated 

by the level in the pipe will diminish and as the aperture 
is increased will diminish still further. The pump has a 
mechanical effect which might be called a water-motive-force. 
The column of water measures the pressure difference pro¬ 
duced. The tap and tube constitute a resistance in an external 
circuit. 


Fia. 238.—Hydro-dynamic Analogy. 


The electrical analogy is worked out in detail in the intro¬ 
ductory part of this chapter, to which the student is referred 
(pp. 477-481). 

Let V denote the P.D. between the terminals of the cell 
when they are connected together by a resistance R. Then the 
current through R by Ohm’s Law is V/R, being due entirely to 
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the P.D. between the terminals. But the current in the circuit 
is E/(R + B), and so 

E 

li U + B* 

ER _ E 
R + B 1 + B/R* 

Thus V is less than E, but if R is very large compared with 
B, the difference E — Y will be A^ery small. 

If R is not very large, and we can find E/Y, we can calculate B 
by means of the equation 


E 

Y 


R + B 
R 


, or B = R 



For an alternative proof of this see the introductory part of this 
chapter (pp. 477-481). 

To determine B, then, we compare the E.M.F. of the cell 
with the P.D. between its terminals when it is short-circuited 
by a wire of known resistance R, which should not be much 
greater than B. 

If R is taken equal to B, Y/E = so that the potential differ¬ 
ence between the terminals is only one-half that on open circuit. 


Expt. 229. Determination of the Internal Resistance of a 
Cell by Use of a Voltmeter. —Connect the terminals of the 
cell to the voltmeter 
In using a moving coil 
voltmeter be careful to 
connect the cell so that 
the current enters the 
voltmeter at the ter¬ 
minal marked -f-. If 
the connection be made 
incorrectly, the pointer 
may be bent and the 
instrument damaged. 

Observe the deflection, which gives the value of Y', the 
P.D, on open circuit. 

Note. —It is assumed that no current passes through the voltmeter, 
therefore the circuit is still * open ' and V^=JE. 



V»E 


Fig. 239.—luterual Eesiatance of Cell. 
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Then connect the terminals of the cell with various resist¬ 
ances, noting the corresponding deflections of the voltmeter in 
each case. A resistance box may be used, if care is taken 
not to pass the current through it for more than two or three 
minutes at a time. 

The resistances chosen should be of such magnitudes that 
the observed deflections V differ sufficiently from the value of 
V', the original deflection, to allow E — V to be found with 
reasonable accuracy. Experience has shown that with some 
cells it is not desirable to get deflections less than |^V'. (See 
Note.) About six different resistances should be used in the 
external circuit. It is convenient to start with a resistance of 
10 ohms, and to work upwards or downwards as required. 

Tabulate the observations as below : 


P. D. on open circuit (= E) = . . . 


R. 

V. 

E-V. 



i 




Notb. —The internal resistance, and even the E.M.F., of most batteries 
varies a good deal with the current they are sending in consequence of 
teraj)orary changes in the liquid near the plates (p. 481). B is consequently 
a somewhat indefinite quantity. 

In the above method it is assumed that E does not change when the cell 
is short-circuited. In some forms of Leclanchd the cell polarises very rapidly 
when short-circuited, and its E. M. F. rapidly falls. In such cases the method 
is not applicable. This method should not be applied to a secondary cell; 
to obtain accurate readings it would be necessary to make R too small, the 
cell would be damaged, and the resistance box might be ‘burnt out.' 

This method being a deflection method possesses the defects inherent to 
all methods depending on the observation of deflections. The accuracy of the 
method is therefore not very great. It is, however, an extremely instructive 
experiment when taken in conjunction with the discussion of the action 
of a cell dealt with on pp. 477-481. In any case the resistance of a cell is 
such a variable quantity that the order of rimgnitude of the resistance is the 
result really aimed at, and for this the experiment is quite good. When 
one considers that shaking a cell or substituting a new zinc plate for an 
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old one may reduce the resistance of the cell hy half in some cases, it will 
bo realised that any method which is correct to within 20 per cent is good 
enough for this purpose. If the resistanceof a particular cell is required very 
accurately, Mance’s method, using a Post Office Box, should be employed (see 
Wheatstone’s Bridge, p. 511). 


INTERNAL RESISTANCE OF A SECONDARY CELL 


A secondary cell has a very low internal resistance. The method 
of finding the internal resistance already described is not suitable 
in such a case because the current requisite to produce a measurable 
fall of P.D. would be too great, and would damage the cell. This 
is because a voltmeter has to be used which covers the whole range 
up to the full E.M.F. of the cell, and as the variation of P.i). 
obtainable with the biggest current allowable is only 1 or 2 per cent 
of this maximum, the measurements are not exact. The following 


method, which is applicable 
to any cell of low internal 
resistance, overcomes this diffi¬ 
culty, and as a very sensitive 
voltmeter may be used, the 
change of P.D. may be 
measured accurately. 

Expt. 230. Deter¬ 
mination of the Internal 
Besistance of a Second¬ 
ary Cell.—Connect two 
similar cells in parallel 
as in Fig. 240, with a 
sensitive voltmeter across 
their -f terminals. In 
series with one of the 
cells, connect a resistance 



R and an ammeter A, 240.—intomai Uesiatance of 

including a key K in the secondary Cell, 

circuit. When the key 

K is open, the voltmeter will indicate no P.D., since the cells 
are similar. Depress the key K and take the reading of the 
voltmeter (v) and of the ammeter (C). 


The current C flows from cell I only, the voltmeter resistance 
being supposed infinite. If B be the resistance of cell I, the P.D. 
across its terminals falls an amount CB which is registered on the 
voltmeter as v. Hence B « v/C. 
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Xf the E.M.F. (E) of cell T be known and R be also known, C 
may bo taken as E/R, and B — vIl/E. The ammeter may then be 
dispeiiwsed with. 

INTERNAL RESISTANCE OF A CELL BY MEANS OF 
A POTENTIOMETER 

It has already been pointed out in the comparison of E.M.F.s 
by the Potentiometer that the P.D. between the terminals of a 
cell can be measured by balancing it against the P.D. between 
two points on a wire carrying a current. If we connect up a 
potentiometer as shown in Fig. 236, and adjust the contact to 



Fiq. 241,—Internal Resistance by Potentiometer. 

some point P such that no current flows through the galvano¬ 
meter, the P.D. between P and the negative plate of the cell is 
zero (otherwise a current would flow through the galvanometer), 
A is at the same potential as the positive plate of the cell, 
therefore the P.D. between A and P is the same as the P.D. 
between the plates of the cell. 

In the case considered, there is no current flowing through the 
cell E, and therefore this P.D. V' is equal to the E.M.F. of the 
cell (pp. 477-479). 

If. now, we short-circuit the cell through a resistance R 
(Pig. 241), the P.D. between the cell terminals is reduced to 
some value V given by the relation (pp. 487-489) 

E V' R -b B 
V V “ E ’ 
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B being the internal resistance of the cell. Thus, the point P 
will now be at a higher potential than the negative plate of the 
cell E. Hence the galvanometer will now be deflected if contact 
is made at P. Balance will, however, be restored if we make 
contact at some point P^, nearer to A than P, The P.D. between 
A and Pj must be equal to the reduced P.D., V, now existing 
between the two plates of the cell. 


Now 

if the wire is uniform. 
Hence 


V APj 
AP’ 

Ji ^AP,^^ 
li + B AP 


B can therefore bo calculated from the known values of R, 
and /g, for 



h. 


Expt. 231. Determination of the Internal Resistance of a. 
Cell by means of a Potentiometer. —Determine the internal 
resistance of a Daniell cell by the method described. 


DISCUSSION OF THE POTENTIOMETER METHOD 
OP DETERMINING!- THE INTERNAL RESISTANCE 
OF A CELL 

This method of measuring Internal Resistances is not much 
more suitable than the voltmeter method previously described. The 
cell has to be kei)t short-circuited through the resistance K for a 
considerable time, viz. the time taken to find the balance-point P^. 
During this time it is discharging at a considerable rate, and is 
rapidly becoming i.)olarised. The result of this is very confusing if 
its cause is not realised. If the point P^ is found and the cell 
disconnected from the resistance for a moment, an entirely different 
balance-point may be found on reconnecting and testing for balance, 
in consequence of the cell having recovered somewhat while dis¬ 
connected. 

For accurate work a tapping key should be inserted in the 
resistance circuit as shown in Fig. 241. This should be depressed 
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momentarily while is being sought, and released again as soon as 
C is raised from the wire for adjusting to a fresh position along AB. 

The second key must, of course, be depressed before C, and not 
raised until after C has been raised from contact with the wire. 

By the use of this second key greater accuracy is obtainable, but 
the method possesses all the defects due to polarisation to as great 
a degree as the voltmeter method: its main advantage is that it 
is a null and not a deflection method. In theory it has other 
advantages over the voltmeter method : the voltmeter has always 
an appreciable current flowing through it although supposed to 
have none, hence E' is never measured correctly by the voltmeter. 
In the present method the current in the cell is certainly zero 
when the cell is not short-circuited, and therefore E is obtained 
accurately. 

The greater difficulties met with in use, and the confusion 
entailed owing to the ‘ drift ^ of towards A due to polarisation, 
render the potentiometer method of measuring internal resistance 
suitable only for advanced students. 



CHAPTER V 


MEASUREMENT OF RESISTANCE 


§ 1. Ohm’s Law 

Ohm’s Law states that, when two points are taken on a linear 
conductor the ratio of the difference of potential, E, between 
those points to the current, 0, flowing through the conductor is 
a constant. This constant ratio is termed the resistance, R, of 
the conductor. E/C =- R. The reciprocal of this ratio is the 
conductance. 


I- 


It 


The most direct method of measuring resistance is to measure 
the two members of the quotient, difference of potential, and 
current. If the difference of potential in volts is measured by 
a voltmeter, and the strength of the current in am})ere8 by an 
ammeter, the resistance will be ob¬ 
tained in ohms. 

Note carefully that the ammeter 
is connected in series with the resist¬ 
ance to be measured, while the volt¬ 
meter is connected across the ends 
of the resistance, so that, with a 
moving-coil instrument, the coil of 
the voltmeter is in ^Kirallel with 
the resistance. The terminals marked 
+ on the ammeter and the volt¬ 
meter must be connected to the + 
pole of the battery. In this method the resistance of the conductor 
is measured while a current is flowing through it. The method is 
therefore applicable in cases where other methods fail; for instance, 
we can measure in this way the resistance of an incandescent electric 
lamp while it is glowing (p. 539). 

495 K 
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Fia. 242.—Measurement of Besistance 
by Ammeter and Voltmeter. 
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The method is a rough method only, though very convenient 
indeed in many cases. It depends on the observed deflections of 
the ammeter and voltmeter, and is thus not so accurate as a 
null method of resistance measurement. If tlie ammeter and 
voltmeter have not been calibrated, the result may be erroneous 
owing to errors of graduation. 

It should be used only when an approximate value is required. 

§ 2. Wheatstone’s Bridge 

The comparison of resistances can be carried out in a con¬ 
venient way by the arrangement known as Wheatstone’s Bridge. 


B 



This consists of four resistances P, Q, R, and S joined together 
so as to form four sides of a quadrilateral ABDC. If the two 
corners A and D are joined to the terminals of a cell, a current 
entering at A divides and flows partly along ABD and partly 
along ACD. There must be a fall of potential as we pass along 
ABD, and also as we pass along ACD. By properly adjusting 
the resistances P, Q, R, and S, the potential at the point B may 
be made to have the same value as the potential a|r^. When 
this is so, no current would flow through a galvanometer 
joined to the points B and C. We now proceed to find the 
condition that must hold between the resistances for this to be 
the case. 
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Let the currents tlirough P, Q, E, and S be Cg, Cg, and 
C 4 respectively, and the potentials at A, B, C, and 1) be Vb, 
^0 respectively. 

Applying Ohm's law to each branch or arm of the bridge in 
turn we obtain 

V.-Vb==(\P . . . ( 1 ) 

A^-v,=cyi . . . (2) 

Vh-V..= C„Q . . . (3) 

V,-V.,=-C,S . . . (4) 

But in the case considered Vr = V^, so that the left-hand side 
of equation ( 1 ) becomes identical with the left-hand side of 
equation ( 2 ). 

Therefore = . . . (5) 

Similarly from (3) and (4) 

C,Q = C,S . . . (6) 

Dividing (5) by ( 6 ) gives 


0,P _ 


( 7 ) 


But if no current flows along BC, = Cg and Og = C 4 and 
equation (7) reduces to 

Q=S • • • • 


Properties of Conjugate Conductors. —The battery might 
have been placed in the arm joining B and C, and the galvano¬ 
meter in the arm joining A and D, and exactly the same 
condition would have been required for no current through 
the galvanometer. The two arms AD and BC are then said 
to be conjugate arms of the bridge. Two arms of a network 
of conductors are said to be conjugate arms if the current 
in either arm is entirely independent oL any E.M.F. in the 
other. A cell in either of the arms BC or AD would send no 
current through the other, therefore BC and AD are conjugate 
arms of the network. The condition that BC and AD should 
be conjugate arms is that P/Q = E/S, 
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Determination of the Resist^-nce of a Wire.—Equation (8) 
shows that if wo know the ratio of two of the resistances (R 
to S say) and the actual A’^alue of a third (Q), then the fourth 
resistance (P) is determined when B and C are at tlie same 
potential. 

Determination of the Resistance of a Galvanometer— 
Thomson’s (Kelvli^’s) Method.—-The resistance of a galvano¬ 
meter also can be found by Wheatstone’s Bridge. d’he gal¬ 
vanometer is connected in the arm AB, the resistance of the 



galvanometer G being the value of P in this case. As a 
constant current flows along AB, a steady deflection is pro¬ 
duced in the galvanometer. When the resistances are related 
in such a way that P/Q == R/S, B and C will be ..at the same 
potential, and on connecting B and C no current will flow 
through BC. 

If the condition P/Q = R/S is not satisfied, some current will flow 
along BC if these points are connected. Hence in this case the 
distribution of current through the rest of the network will be 
altered. Consequently the current in the galvanometer will be 
altered. Thus, unless B and C are at the same potential, the 
galvanometer deflection will be altered when B and C are 
connected. The degree of alteration will depend on the current 
which flows along BC, therefore to ensure sensitiveness the 
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resistance BO should be made as small as possible, a short piece 
of cop}>or wire being generally used. 

The resistances are adjusted until connecting B and C does 
not alter the steady deflection of the galvanometer, and G ( = P) 
is calculated from the relation which then holds : 

P R . G K 

q "" S’ q " s' 


Determination of the Internal Resistance of a Cell— 
Manee’s Method.—Suppose a cell is placed in the arm AB, the 

B 



resistance of the cell being B. Then if B/Q-R/S, the arms 
BC and AD are conjugate arms of the network, and any E.M.F. 
introduced in the arm BC will not affect the current in AD. 

There will be a steady current through the arm AD due to 
the E.M.F. in AB, and the galvanometer will therefore be 
deflected permanently. If the condition B/Q = R/S is satisfied, 
this deflection will not be affected by any E.M.F. introduced 
in the arm BC, and so wo can test if this relation holds by 
introducing an E.M.F. in the arm BC : this can be done by 
connecting a cell across the points B and C. 

The magnitude of the KM.F. introduced in the arm BC is 
quite immaterial, except in so far as it affects the sensitiveness of 
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the test. It can bo shown that introducing a cell of small KM.F. 
and of very low resistance is as sensitive a test as a cell of 
larger E.M.F. but greater resistance would offer. We therefore 
introduce in the arm BC a ‘cell’ of infinitesimal E.M.F, and 
very low resistance by merely connecting across BC with a 
cojyper wire. This gives a satisfactory means of detecting any 
error in the adjustment of the resistances. When no change in 
the deflection of the galvanometer is produced on connecting B 
and C with a copper wire, the relation B/Q -■ R/S holds good. 

THE SLIDE-WIRE BRIDGE 

The method of Wheatstone’s bridge may be applied by using 
the apparatus known as the slide-wire bridge. As the wire 
employed is frequently one metre in length, this is also often 
termed the metre bridge. 

A long uniform wire is stretched on a base-board between the 
two points A and D. The ends are connected by means of thick 
copper strips, of negligible resistance, to the terminals F and L. 
HK is another thick coi)per strip, provided with terminals at H, B. 



and K. The unknown resistance P is joined to the terminals F and 
H, so as to complete the circuit in the gap between them. A known 
resistance of suitable magnitude (that is, not very different from P) 
is joined to the terminals K and L. In making these connections 
short thick wires or flat strips of copper must be used, so as not 
to introduce additional unknown resistances. A movable key or 
jockey, by means of which contact may be made with the slide-wire 
at any point desired, slides along the base-board. Its position may 


OH. V 


MEASUREMENT OF RESISTANCE 


&0i 


be read off on a fixed scale. The ‘ ratio arms ^ of the bridge are the 
two parts into which the slide-wire is divided by the movable key. 

In carrying out the measurement a cell is connected to the end 
terminals A and 1), a key being included sometimes in this part of 
the circuit so that the current can be cut oft’ when no observation is 
being made. A galvanometer is connected to the central terminal 
B and to the movable contact C. An astatic galvanometer is 
frequently used in elementary work. The object of the manipulation 
is to find the point at whicli contact must be made with the slide- 
wire so as to give no deflection of the galvanometer needle. It is 
best to start by noting the direction in which the needle moves 
when contact is made, first near one and then near the other end 
of the slide-wire. If these deflections are in opposite directions the 
point sought for must lie somewhere between them. If the 
deflections are in the same direction in the two cases, it indicates 
that one of the resistances P or Q is very much greater than the 
other, or that there is a faulty connection in some jjart of the 
ap])aratus. It is impossible to get an accurate result unless P and 
Q are at least of the same order of magnitude. Assuming that 
suitable values liave been chosen, the point on the slide-wire for no 
deflection should Ije found somewhere in the central portion of the 
wire. The * balance point * should be in the middle ‘ third * of the 
wire in all cases. 

Much time can bo saved in carrying out the experiment by 
learning how to increase and how to decrease the deflection of the 
needle. Suppose that when contact is made near one end of the 
slide-wire the deflection is clockwise. Then to increase the swing 
the contact should be made whenever the needle is swinging in the 
clockwise direction, and should be broken when the needle is 
swinging in the opposite direction. To diminish the swing and 
bring the needle to rest, contact should be made when the needle is 
swinging in the counter-clockwise direction, and should be broken 
when the needle is swinging in the clockwise direction. 

Having determined as accurately as possible the point on the 
slide-wire corresponding to no deflection, the distances AC — and 
CD = are measured. 


P 


assuming the wire to be uniform. 


Hence 


P-Qx 


The resistances P and Q should then be interchanged and the 
determination rej^eated. 
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BESISTIVITY OR SPECIFIO RESISTANCE 

The resistance of a wire of length 1 cm. and of cross- 
sectional area 1 sq. cm. is called the resistivity or the specific 
resistance of the material of which the wire is composed. 

Let X be a wire 1 cm. in length, and having a cross section 
of 1 sq. cm. The shape of the cross section is immaterial. Let 
the resistance of this wire be S ohms. Let Y be a second wire of 



the same material, I cm. in length, and having a cross section 
of A sq. cm. Let its resistance be 11 ohms. Since the resistance 
of a wire is directly proportional to its length, and the length 
of Y is / times the length of X, the resistance of Y will be 
I times that of X in consequence of the difference in length. 
Again, the resistance of a wire is inversely proportional to the 
area of cross section \ hence, since the cross-sectional area of Y is 
A times the cross-sectional area of X, the resistance of Y will be 
1/A times that of X in consequence of the difference in cross 
section. 

Consequently K = 


So if we can measure R, A, and I we can determine S, which 
is the resistivity of the material. The resistivity may be 
expressed in ohms per unit length of a wire of unit cross 
section, the dimensions of resistivity being ohms x cm. 
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Expt. 232. Determination of the Specific Besistance of 
a Wire, using a Slide-wire Bridge. —To measure the resistivity 
select a wire about a metre in ieiigth, tree from kinks. 
Mtiasure its length ^ to the nearest millimetre, and measure the 
diameter very carefully with a micrometer screw gauge. As 
the area of cross section A dej>end8 on the square of the 
diameter (A = 7r<'Z'-^y4 for a wire whose cross section is circular), 
an error in this measurement is serious; the percentage error 
in d is doubled in the square of d, so that the result is wrong 
to tvdce the extent of the error of d. Express the length in 
centimetres, and the area of cross section in square centimetres. 

Next connect the wire across one of the ga})s P in the 
thick copper strip of the slide-wire bridge, connecting a 
* decimal-ohm ’ box ac^ross the corresi)onding gap Q on the 
other side of the bridge (Fig. 24G). Thick copper connectors 
must be used for joining the box to the sides of the gap, and 
these must be cleaned where they tit under the connecting 
screws. The connections for the battery and the galvanometer 
are shown in the same figure. A Daniell cell is suitable for 
this purpose, with some form of simple astatic galvanometer. 
Adjust the decimal-ohm box to a resistance of 1 ohm. Slide 
the jockey along the slide-wire, making contact with the wire 
at various points; ^/le jockey nviist not make contact vdth the 
wire while it is being moved along^ otherwise the wire will be 
worn unevenly in various parts and the accuracy of the bridge 
destroyed. 

Find two points at which definite deflections arc produced, 
but in opposite directions at the two points; the balance-point 
must lie between these two. 

By working between these two points, successive pairs of 
points can be found which give deflection in opposite directions, 
each pair being closer together than the previous pair. It 
may hajjpen finally that two points are found at wliicli the 
deflection produced in the galvanometer is inappreciable, 
though at any i)oint beyond either of tliem a deflection can be 
observed. The balance-point may be tiiken as the centre of 
that part of the wire between these points. 


The resistance of the wire P can be calculated by means of the 
expression 



^ The length required is not the whole length of the wire, but the length 
which is between the terminals when the resistance is being measured. 

K 2 
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Q being tbo of the resistance in the resistance box, the 

length of the wire from A to C, and tin? length of the reniainder 
from C to D. 

The point C should bo in the middle * third ’ of the slide-wire ; 
if this is not the case a ditferent value of must be taken to 
bring C into this ]>art of the wire, ^j^hreo different values of Q 
must be used in any case, and the corresponding balance ])oints 
found, the values of P being calculated for ea(‘h case. If the 
experiment has been performed accurately these three vahu'S of P 
will be the same to a very close apiaoximation; their mean is 
taken as the true value of P. 

Prom the value of the resistance thus obtained, and the dimer, 
sions of the wire already determined, calculate the S 2 )ecific resistance 
of the material of the wire from the expression 



Expt. 233 . Determination of the Resistance of a Galvano¬ 
meter. — For this experiment connect up the slide.-wii*e 
bridge as in Fig. 248. Q is a decimal-ohm 1)0X adjusted 



to 1 ohm at first, r is a la^e resistance which nec'd not be 
known. In this case the galvanometer itself forms the 
unknown resistance P in one of the arms of the bridge. 
The connection EC is made with a ]hoee of copper wire. It 
is clear that as soon as the battery is connected to the points 
A and D, a current must flow through the galvanometer and 
cause a deflection of the needle. The bridge is balanced when 
this deflection is unaltered upon making contact between the 
points B and C by means of the jockey key. When this 
condition is satisfied no current flows in EG, and the potential 
at B must be the same as that at O, and as in the previous case 
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If a key bo used in tlic* l)attt‘.ry braneli, it should be a }>lug 
key and not a tapping key, vsince it is neeessary to get a 
steady current tlirough the bridge l)efore making contact at 
(\ If the steady (k'tlection of the galvanoineUa* be large, tlie 
alteiation ]iro(luce(l by making contact at (^ will lie very small. 
A large deHection may bt‘ nabiced by em})loying a smaller 
curremt. ^Jdiis is secured by introducing a resistance box /' 
in the batte.ry branch, using sufficient resistance to give a 
(a)ny(;nient deflection. In tlie cas(*. of a mirror galvanometer 
with a moving needle, the controlling magnet may be used 
to bring the spot of light back on to the scale. 

The method is not easy to carry out, the difficulty being that 
the galvanometer is deflected considerably the whole of the time, 
and often the needle is in a position where the sensitiveness of 
the galvanometer is oidy small. Asa result of this, the adjustment 
of the point C may b(‘, altered ap})reciably without making any 
noticeable change in the deflection; conse(|uently the accuracy 
obtainable is not very grciat when a metre bridge is used. Consider¬ 
ably greater accuracy is obtained with a 1\0. box if suitable means 
are adopted (Expt. 2‘10). 

Expt. 234. Determination of the Resistance of a Cell,— 

The cell whose resistance is to be measured is placed in the 



position of the unknown resistanci^ P, so that it forms one arm 
of the bridge. The galvanometer is comificted directly to the 
two extreme points of the bridge A and D. Jn this case also 
a steady current flows through the galvanometer as soon as the 
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cotiiH^rtioTis liav(j been made. The jockey C is adjiisttHl so 
that no alt(;ratioii is [)roduced in tin; defit'ction of tJie galvajio- 
iTieter ])y making connection at Wlien this condition is 

satisfied lYC^) = JI/8 (j). 199). If tlie steady detlection of the 
galvanumetx'r too large, a resistance r must he introduced 
in series with the galvanoim'tcr so as to diminish the current 
passing througli it. Idie connections are the same as those 
usi‘d when determining the resistance of a galvanomeU;r, 
except that the galvanonuT-er and Lattc'ry are intei’changed. 
Q is adjusted to 1 ohm to start with, and the point C is 
found wJiere the stt^ady deth'ction of the galvanometer is 
unaltered on de]>ressing the jockey. 

If the point C is not in the middle thii-d of the wire when 
Q is 1 ohm, a different value of Q must be used, choosing this 
value so as to bring C near to the middle of the wire. 

The resistance of the battery is then calculated from the 
expression 

‘2 

THE POST-OFFICE BOX 

In the account of Wheatstone’s bridge we have seen that 
when the bridge is balanced the four resistances P, Q, R, S, which 
form four sides of a quadrilateral figure, satisfy the relation 

P R 

If we know the ratio of P to Q, and R is a known resist¬ 
ance, then the fourth resistance S, previously unknown, is 
determined. 

In the Post-Office Box wo find sets of resistance coils re¬ 
presenting three of the arms of the bridge, namely, two ratio 
arms, P and Q, and an adjustable arm for the known resistance 
R. The fourth arm S is the unknown resistance whose value is 
to be found. 

- The distinguishing characteristic of the ratio arms P, Q is that 
they are two portions of the box, usually comprising together the 
whole of one bar, with identically similar sets of resistances, 10, 100, 
1000, and sometimes 10,000 ohms in each. The whole of the rest 
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of the ivsi.stanc(\s ir» the hox eoinprisc* the, thin! nvni II of tJi(' hridec. 
Tile aetual arrajigenient ot tlu* r(‘Kista.iie<‘s in tlie box diflers in 
diliereiit patt(“riis, ))ufc the student should ]ui\e Jittlc! diiliijulty in 
id(‘ntifying the i-atio anus and the adjustable arm, and then deter 
mining the iKunts corresponding to A, J», i \ D in hig. 24d. In 
this diagram the battery is connected tf) tlie tinniinals A and D, 
and the galvanometer to the terminals B and (I It should, how¬ 
ever, be noted that the positions of the battery and galvanometer 




Fa;. 2r>0.—Two Fonns of Post-Office Box. 


may bi‘ interchanged without affecting the final result, that is, the 
battery may be connected to the terminals B and V and tlie. 
galvanometer to A and D. A tap}>ing key must be inserted in tlie 
battery circuit, and a second in the galvanomtder cinaiit. In some 
f'oims of Post-Office Box thes<i k(y^s ar(‘ included in the box, and 
the connections betw’een the keys and the corners of the bridge are 
indicated lyy white liiujs traced on the ebonite cover of the box. 
The battery key must be depressed Jirsf, to avoid self-induction 
effects. 

Another arrangement sometimes used is a double key wliich makes 
contact first for tlie battery, and subsequently for the galvanometer. 

Tlie unknown resistaiieo should be c.oniiected to the points C 
and D by means of short thick wires, or flat copper strips, of small 
resistan(*e. 

A mirror galvanometer, which may be eitlier of the moving 
needle or of the moving coil tyjiti, is generally used with the Post- 
Office Box. For a description of these instruments see the section 
on galvanometers, pp. 568-575. 

The top of the box is usually marked at different i>oints with 
the cryptic letters C, Z, E, L, O, or pei*liaps a letter B is used 
instead of C and Z. These mean respectively Carbon, Zinc (or 
Battery), Earth, Line, and Galvanometer. 

If the box be connected up by the aid of these letters, the 
experiment usually works successfully, but little benefit is gained 



608 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. VI 


from it. The student slinnld avoid using them, and shouhl rely 
on the connections worked out hy hiniseU’ with the aid of suit¬ 
able diagrams. 

The Galvanometer Shunt. —If a very sensitive galvanometer 
be used, it must be provided with a shunt, so that its sensitive¬ 
ness may be varied to suit the retpiirements of the moment. In 
its simplest form the shunt consists of a resistance which is 
placed in parallel with the galvanometer (Fig. 231). A delicate 
galvanometer is provided usually with a shunt box containing a 
number of resistances which may be marked 1/9, 1/99, 1/999. 
This means that the resistances in the box are respectively 1/9, 
1/99, and 1/999 of the resistance of the galvanometer. In the 
present ex])eriment the plug belonging to the shunt should be 
placed at the outset in the hole marked 1/999. In this case 
only 1/1000 of the current in the galvainmieter circuit passes 
through the coils of the galvanometer, and consociuently the 
instrument is not very sensitive. 

When an a])j)roximate balance has bc‘en obtained, the plug may 
be shifted to thcj hole marked 1/99, or that marked 1/9. For the 
final adjustment the plug may be removed altogether so that the 
full current passes through the galvanometer, and the arrangement 
is as sensitive as possible, 

Expt. 235. Determination of the Resistance of a Wire 
by Means of a Post-Office Box. —Connect up the wire, the 
battery, and the galvanometer to the P.O. Box after working 
out the proper connections by the aid of the foregoing 
description and diagrams (pp. 496-498, 506-508). 

When the connections have been made, remove the plugs 
marked 10 in the ratio arms of the bridge. The ratio of F to 
Q is then 10 : 10, that is a ratio of ecjuality ; and for the 
bridge to be balanced, It, the adjustable arm, must be equal to 
S, the unknown resistance. Shimt the galvanometer with 
the 1/999 shunt if a shunt box is supplied, and see that all the 
plugs in R are in place. Make contact momentarily with 
both keys and note the direction in which the mirror of the 
galvanometer is deflected. As this deflection is probably very 
great, it is usually better in this stage of the experiment to 
watch the mirror itself instead of the spot of light on the 
scale. Next remove the plug in R marked ‘ inflnity,' and 
again note the deflection. It should be in the opposite direc¬ 
tion to that previously observed. From these observations the 
experimenter should construct a simple rule to be borne in 
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mind during the remainder of the determination : “ When the 
deflection iKS to the right (or to the left, or away from me, as 
the case may he) the resistance of the adjustable arm is too 
large.’’ 

Ile})lace the infinity ])lug and take out another (say 1000 
ohms) and notice the deflection, seeing whether the resistance 
is too large or too small. Determine in this way limits 
between which the resistance must lie, and proc^ced till the 
value of the resistance 8 is found correct to tlie nearest ohm. 
Suppose S is found to be between 6 and 7 olims. 

To determine the next decimal place, that is to find the 
value of S correct to 0*1 ohm, remove the plug from the 100- 
ohm coil in P and insert tlu^ phig in tlie 10-ohm coil. Then 
the resistance in P is 100 ohms, that in Q is still 10 olims. 
The ratio of P to Q is 100 :10 or 10 : 1. Consequently, when 
the bridge is l)alanced, 11 must be 10 times S. Adjust the 
resistance 11 till an ap])roximate balance is obtained. If S lies 
between 6 and 7 ohms, 11 must lie between 60 and 70 ohms. 
Suppose it is found to lie between 63 and 64 ohms. Then the 
value of 8 lies between 6-3 and 6-4 ohms. 

Next remove the plug from the 1000-ohm coil in P and 
insert the plug in tlie 100-ohm coil. Then the resistance in 
P is 1000 ohms, that in Q is still 10 ohms. The ratio of P to 
Q is 1000 :10 or 100:1. Consequently, for a balance 11 must 
be 100 times S. It is clear that 11 must now lie between 630 
and 640 ohms. Suppose it is found to lie between 638 and 
639 ohms. Then the value of S must lie between 6-38 and 
6*39 ohms. 

With a sensitive galvanometer yet another decimal figuremay 
be found by noting the resting-points of the spot of light on the 
scale when 11 is adjusted to 638 and to 639 ohms, and using the 
method of ‘proportional parts.’ If, for example, 638 ohms 
give 6 mm. on one side, and 639 ohms give 9 mm. on the 
other side of the galvanometer zero, a difference of 1 ohm in 
11 causes a change of 15 mm. Therefore a change of 6 mm. 
means 0*4 ohm, i.e, R = 638*4 ohms and 8 = 6-384 ohms. 

Determine in this way the resistance of a coil to within 
0-1 per cent. 

Determine also the resistance of a ])iece of wire, and 
calculate tlie specific resistance of the material of the wire. 

When the unknown resistance S is large, it may not be possible 
to find its value correct to the i ohm, or even to 

the iV^h part of an ohm, with the coils supplied in the ordinary 
Post-Office Box. In such a. case it should bo noted that, as a rule. 
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the bridge is most sensitive when the four arms of the bridge arc 
a})i>roxiniately equal. 

When the unknown resistance is very larger, it may be necessary 
to make the resistance 10 times or even 100 times the resistance 
P in order to obtain a balance by adjusting It. Tiien the 
resistance S will be 10 times (or 100 times) the resistance It. 

Expt. 23C). Determination of the Resistance of a Gal¬ 
vanometer. I’he }>riueiple of the method is the same as witli 
the slide-wire bridge (p. 504). The galvanometer forms the 
fourth arm of the bridge, as the nnknowai resistance S. A 
ta,j)])ing key is not used in the battery ])ra.nch. As soon as the 
connections are completed the spot of light usually go(*s right 

ofi‘ the scale. The ust^ of 
a galvanometxa- shunt is 
not admissible in this case. 

The chief dilhculty met 
with in this form of ex¬ 
periment is due to tlH‘ 
great sensitiveness of the 
galvanometer. This causes 
it to stay obstinately 
pressed against one side 
of the casi% however miidi 
the controlling magnet is 
turned. To avoid this 

Fia.251.-Real.stauoo of Galvanometer. trouble, the following 

means should be em¬ 
ployed : — First, introduce a considerable resistancte in the 
battery arm; a resistance adjustable up to 10,000 ohms may 
be used conveniently if tlie galvanometer is a siiecially 
sensitive one. tiecondly, use ratio arms of the lowest ]X)ssil)le 
resistance, both ccpial to 10 ohms if j)ossible. Thirdly, reduce 
the sensitiveness of the galvanometer by lowering the control 
magnet until the ]>eriod of swing is very short. iSee the notes 
on galvanometers, p. 570, (This third method is not possible 
in the case of suspentled-coil galvanometers.) 

It wall now be found that the spot of light does not move 
much beyond the scale, if at all, and it can be brought back 
by use of the contnd magnet, or by turning the top of the 
su.s})ending fibre in a sus})ended'Coil galvanometer. 

Make the reejuisite adjustment of K so that when the key 
K is pressed there is no change in the position of the spot of 
light. 

It will generally be found that R can be varied over a 
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wide range without affecting the position of the spot, as 
the; arrangement is now so insensitive. The sensitiveness may 
now l)e increased again very gnulkially^ first by raising the 
control magnet. On reaching the limit of increased sensitive¬ 
ness—consistent witli ctmtrol of tin; position of the sjmt— 
obtainable by this means, the ratio arms m;iy be both increased 
to 100 ohms each. This allows a bigger curi’ent to pass 
through the galvanometer, and a large increase of deflection 
nvsults. Correct this deflection by rotating tlie control magnet, 
but do not lower the magnet again ; then adjust K as before to 
give no cliange in the position of th(! sj)ot on pressing the key. 

With a galvanometer of tln^ suspended-coil type, the ratio 
arms are increased at once to 100 and the increased deflection 
corrected by further twisting the fibre. 

The adjustment will now be more delicate than before. 
The sensitiveness is increased still further by increasing 
the ratio arms to 1000. Not until the extreme limit of 
sensitiveness has been reached in this way must the resistance 
r be diminislied. If necessary, the ratio arms may be adjusted 
later to give 10/1 in the cjise of galvanometers of resistance 
lower than 1000 ohms, the same precautions being taken as to 
sensitivity and control. 

The battery and key must be connocbul as showii in Fig. 251 
if these means of reducing the sensitiveness are cm])loyed, otherwise 
reducing the resistance of the ratio arms will not have the desired 
effect. 

If the experiment be carried 
out carefully as described above, 
the resistance of the galvanometer 
can be determined quickly and 
(•oiiveniently. This method en¬ 
ables a student to carry out this 
experiment with a gratifying sense 
of certainty. 

Exrx. 237. Determina¬ 
tion of the Resistance of a 
Battery. —The battery forms 
the unknown arm B of the 
bridge. Keys are not used for 
the battcuy or the galvano¬ 
meter, hut a tapping key is employed in the diagonal branch 
BC. The methods available for diminishing the steady 
deflection of the galvanometer are exactly the same as those 
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described in the detenuination of the resistance of thegalvano- 
meter. The simplest statement of tlu^ arrangement is to say 
tliat tlie positions of tlie battery and of the galvanonic'.ter are 
merely interclianged, every otlier (jonnection, including the 
resistance being Jc'ft absolutely the same as in the nuiasure- 
iiient of the galvaTiometer resistance; and the adjustments are 
made in e.xactly the same way. 

When P, Q, and U are adjusted so that the galvanometer 
deflection remains umiltered when the key K is depressedj the 
battery resistance is given by 



P 


11 

' iV 


3. AV^iikatstone’s Bridle: Carey FostekVs Method 


The ordinary slide-wire pattern Wheatstone’s Bridge is not 
susceptible of very great accuracy when em])loycd in the usual 
way. It is impossible to find the position of the halarice-point 
to within 1 mra., and with a slide-wire 1 m. long this uri- 
certiiijity introduces a possible error of at least. If the 
balance-point be not at the middle of the wire, the uncertainty of 
the result is greater than this. A longer slide-wire can be used 
if desired, and the relative magnitude of an error of 1 ram. is 
correspondingly reduced ; but the use of a slide-wire longer than 
1 IQ. is inconvenient. 

In Carey Foster’s arrangement the ejfexiive length of the slide- 
wire is increased without actually using a wire of more than the 
normal length, hy introducing resistances in series with the wire, 
one at each end. The connections are as indicated in Fig. 253. 
The arms of the bridge, P and Q (Fig. 243), arc the resistances 
and Kg respectively, the remaining arms K and S being 
composed of X plus a length of bridge-wire, and Y plus the 
remainder of the bridge-wire (Z.,). 

When the bridge is balanced, we have the relation 


P K 


K-j X -f- Zjp 


stated as 
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wher(‘ p is the resistance of 1 cm. of tlie hridgo-wire. If X 
and Y are.togetlier e<]ual to alK>iit ten times the resistance of tlie 
bridge-wire, the terras and are of the order of 10 per cent 
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Pin. 253.—Carey Fo.‘?tor’s Method. 


of X and Y. Auy error in reading is thus reduced to about 
of the relative magnitude it has Avlicn th(i bridge is used 
in the ordinary M^ay, an error of 1 rara. corresponding with an 
error of ^ in the result instead of yIt^ 

End Corrections. —If the bridge-Mdrc is soldered imperfectly 
at the ends where it joins the copper strips, the joint may intro¬ 
duce an appreciable resistance into the arras K and S, and the 
true ratio K 2 /K 2 should be expressed as 

X + l^p + Ajp 

Aj and A 2 being the end Corrections expressed as equivalent 
lengthenings of the two parts of the wire. 


METHOD OF ELIMINATING END CORRECTIONS IN CAREY 
FOSTER’S ARRANGEMENT 

By the following method of working, the effects of these end 
corrections can be eliiiiinated when using the slide-wire bridge 
in Carey Foster^s arrangement. 

The ratio is expressed as 
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ll, X+ (/,-!-A,V 
H, ■ y + (/, + A,)// 


if we take into account the end correctioiiH. 

If now the resistancoK X and V are interchanged, a new 
balance point may be found at a point whijse distances are and 
/jj' from th<‘ ends of the wire, and we have 


Tl, ^ Y 4- + A^)p 

1^2 ^ * (^2 

From these two values of we can obtain 

Tt-j _ X + (Zj + A^)p 
it “+ K., “ X -i- Y 4 (/^ + 4 4- A^ + A.,)/)’ 

and + .. 

^ + R„ X + Y + (// + U + Aj I- A,)/,' 

The denominators of these fractions are id(mtical, 
Zj + Z 2 - hence 


(1) 

(a) 

since 


X + {1, + A,V = Y + (//+A>, 
or X=Y + (i/-/!i)/.. 

This method of working is only suitable for the compariso:., 
of two resistances X and pi*ovidcd they are nearly equal, as 
for comparing a home-made resistance with a &tandai*d resistance 
to which it is sup})osed to be equal. This is, however, a ty 2 )e of 
experiment which frecpiently has to be performed in practice, and 
Carey Foster’s arrangement is a convenient method of carrying 
it out with simple apparatus. One great advantage of the 
method lies in the fact that and need not be knowui 
accurately : it is only necessary that they should be approximately 
equal and absolutely constant. They should have about the 
same value as X and Y. 

It is worthy of note that in this method of comparing two re¬ 
sistances, the resisUiiices themselves are never compared directly 
in the whole experiment. 


Expt. 238. Construction of a l-ohm Coil. —Determine the 
resistance of a piece of manganiu or constantan wire by means 
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f)f JL l)ii(lge (p. 500). Ciilculaie wliat length of tlio wire 

iiitist l>e uschI to make a re.sistanc'o of 1 olim. 

If very givat accuracy l)c not required, cut oif a piece a few 
centimetres longeiTlian this. Solder it to two stout copj)er strips, 
or to two terminals mounted oji the top of a wooden bol)})in. 
fxedeterndne its rc‘sistance, and shorten tJie wire to the rerpiired 
amoujit T)y twisting the mid<lle part of the loop together, 
soldei ing the twisted part of the wirt‘, when the adjustment is 
corn'ct. 

If veuy great accuracy he reijuired, cut off a length of wire 
about 10 per eevt Jomjer than the calculated length f(>r 1 ohm. 
Solder it to two terminals as alnmly described, and redettuanine 
its resistance very accurately. (Calculate what length of similar 
wire would ha\e to be connected in paralhl 
with it in order that the resistance of the 
two together, wJien comiecUal iri parallel, sliall 
be 1 ohm. 

If the above instriudions hav(‘ been carried 
out carefully, the length baMpiired for the 
parallel wire should be about ten times as 
long as the piece originally cut oil' 

Cut off tliis lengt h, and solder it in ])arall(il 
with the fii'st length across the terminals of 
the bobbin. Take ea(‘h looj) of wire, and 
draw it out so that the halves of the ioo]> 
lie close together and parcdlel. Wrap the 
two loops separately round the bobbin, taking 
the halves of eiich loo]) round and roimd in 
the same direction. Fix the double end of 
each loop to tin; wood of tlai bobbin with sealing-wax, taking 
care not to make too sharp a bend at the end of the loop. 

Wra]) ta[)e round the ct)ils thus formed and immerse the 
whole in molten paraffin wax. 



It is desirable to tCKst the resistiince before wrap])ing and waxing 
the coil, if great accuracy is required. If the resistance is not quite 
exact, the iinal adjustment is made by twisting togetlM^r the end of 
the loop to the middle of the lomjer wire, soldering together the 
twisted end when the adjustment is exact. 

ExrT. 239. Standardisation of a l-ohm Coil by Carey 
Foster’s Bridge. —Connect two nearly equal resistances across 
the middle gaps of a slide-wire bridge. Two coils of 
approximately 1 ohm each are suitable for this purpose \ these 
constitute the resistances 11^ and (Fig. 253). 
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In tlie extreme gaps insert the resistance to be standarised, 
and a standard resistance of 1 ohm ; the standard resistance 
is re])resent-ed by Y in Fig. 253, and the other resistance 
is X. 

Find the point of balance 'wln^n a galvanometer and a e(‘Jl 
are conneeted as in Fig. 253,—let this ))e cm. from the 
end 1 of wire as shown. 

Interchange the resistances X and Y, and again find the 
balaiK'c ])oint; this Avill ])robably be in a ditlercnt position, 
say at a distance ]^ from the end J. 

Then X-Y + (//- 7^)/), 

wli('re p is tlie resistance of the bridge-wire ]icr cm. 

Determination of p.—.Kernove the coils from the end 
gaps of the bridge, and close the first gap with a thick 
copper strip. Then X — O. In the other gap insert a decimal- 
ohm box, connecting it to the terminals of the bridge by copper 
strips of negligible resistance. Use a resistance of 0-1 ohm in 
this box for Y. Determine the point of balance, and let it bo 
scy cm. from the end 1 of the wire. Interchange tlie positxoiiii 
of the copper strij) and the decimal-ohm box, and let the new 
position of the balance-point be cm. from the same end of 
the wdre. 

Then by substituting in tlu^ general equation 

X.= Y + (V-^)p, 

we find 0 “ 0* 1 -h {y-^ — ^i)p» 

01 

so that p = -• 

Similarly if 0-2 ohm is used for Y, and the corresponding 
balance points are cm. from the end of the wire, 


0-2 



Since the difference between a\y and y^ is greater than the 
difference between and y^, this result is more accurate than 
the former. 

P>y using still larger values for Y still greater accuracy is 
secured, but Y must be less than the resistance of the slide-wire 
itself. 

Calculate the resistance of the bridge-wire per cm., and use the 
result to find the resistance of the coil under test in terms of the 
standard ohm. 
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Tlit‘ same method may he. used to find the resistance of the 
British Association Ohm in terms of the Legal Ohm. 

COEFFICIENT OF INCREASE OF RESISTANCE 
WITH TEMPERATURE 

The ratio of the difference of potential hetween two points of a 
wire to the current tlirough tlie wire is constant only when the 
temperature is constant. In otlier words, the resistance of a wire 
varies witli temperature, and, in general, the resistance at a higher 
temperature is greater than the n.'sistance at a lower temperature. 
Tlie increase of resistamu* j)er degree rise of temperature is 
approximately constant for tlie same wire. The Ooeffleient of 
Increase of Resistance with Temperature is the Increase of 
Resistance per degree, divided by the Resistance at 0° O. 

Thus, if lljj = resistance at 0° C., 

and Ih, ~ resistance at f C., 

the meayi value of the coefficient over this range is 


Thus, if (T is constant, 

Ih — ll(, (1 + cl€). 

To determine a, it is necessary to measure the resistance at two 
different temperatures. It is convenient to select the freezing 
point and the boiling point of water as the temi)eratures of 
observation. The value then obtained for a is the mean value 
between 0° C and 100° C. 

The accuracy with which a is determined dejiends on the 
accuracy with which the change in resistance may be measured. 
Since Rt - R^ is the nniall difference between tw^o large quantities, 
each resistance must be measured most carefully. Thus, if the 
change of resistance be of R^, an error of 0-1 per cent in R^ or 
R/ becomes an error of 1 per cent in lb — Rf,. An accurate P.O. 
Box may be used for measuring the resistances, but when the resist¬ 
ance is of the order of 1 ohm Carey Foster’s method (p. 512) is to 
be preferred for this determination. 

Expt. 240. Determination of the Temperatuie Coefficient 
of Resistance for Platinum. —A small coil of fine platinum 
wire, having a resistance of about 1 olim, is fitted with thick 
copper leads and jilaced inside a glass tube closed at the low^or 
end. The leads outside the tube are of flexible wire. An 
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exactly similar set of Ii'ads simply soldoied together at the 
lower ends is also provided. These are ealhal the com¬ 
pensating’ leads. The ends of the leads are litted with 
copper connecting forks, those coniKJcted with tlie i)latinum 
being hitten‘d PP and those attached to tlie compensating 
leads being lettered (’C. A metre bridge with ff)ur gaps is 
required. In the two inner gaps of the bi’idge connt;ct two 
exactly ejpial resistances il, II (1-olun coils ai’e suitable). 
Connect the terminals markaal PP in one of the outer gaps. 
Connect one of the C tei’ininals to one side of the other 
gap, the other C terminal to a terminal of an adjustable 
resistance box S containing ohms and decimals of an ohm. 



Fig. 255. —Teinp^rattiiv Coeflioinnt of RosisUiuce. 


The second terminal of this resistance box must be connected 
to the other side of the gap by a thick co]>})er strip. Connect 
a mirror galvanometer to the terminals A and 1), and the 
battery to B and C. 

The battery is connected to the tapping key on the slide- 
wire to obviate heating elfechs due to the current, for with 
this arrangement the current only Rows during the moment 
the adjustmcjit is being tested. The adjustment for balance 
is correct when there is no imjmdiate di^flection on depressing 
the tai)ping key. If the key is kept down for a short tinu^, 
the platinum becomes heated by the passage of the current, its 
resistance changes, and the balance is no longer correct. 

The arrangement described forms a 'W^leatstone^s network, shown 
diagrammatically in Fig. 255. When the point of balance is found. 
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n P + r + .rp 

K r + iS + loo — ,v)i* 

wlu're P^rcsLstanoo of platinum coil, 

r ■-== ri'MistaiK^o of coiiiiectinL’’ (or compt'iisatiug) ](‘a(ls, 
a’= (li.stancu of 2)oiiit of Lalama; fnmi oiio cud of bridge- 
wire, 

/) = resistance of 1 cm. of ])ridg(i-wire. 


consequently P + »• 0 .rp r + S + (100 — 

or P = S + (100 — 2.r)/)- 

Notk. —The valuer of P should be cah-ulated from the result 
obtained when S is adjusted so that the balance 2 >eint is as near 
as 2 )()ssible to the middle of the slide-wire. 

Determination of p.— Place the tube containing the 
platinum coil in melting ice, and obtain a balance 2 )oint with 
S e< 2 ual to 1 ohm ; let this ])e cm. fiom the end of the wire. 
Alter S to 1*1 ohms and find the new }>alance J b'f tins 

be cm. from the end. Alter S to 1 -2 ohms, and let the 
balance point be cm. from the end. 

Then P 1 +(100- 

P- M +(100-2,r.,)/>, 

P=b2 + (100-2.r")p. 

Hence 1 + (100 - 2.iq)/, = M + (100 - 2.n,)p, 

01 

Similarly, from the first and third obs(Tvatioiis, 

The second value is juobably tlu^ more correct, tlunigh the average 
might be hrkeii for use. 


Determination of P at the Freezing Point and the 
Boiling Point. —The resisUiin^e of the jdatinum S 2 )iral can be 
calculated from the observations already made, since the value 
of p lias been detm’inined. 

The resistance at the boiling point is determined by finding 
a point of balance when the tube containing the coil is placed 
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in a liy])SonictiT Jirid surrounded steam. The value of 
S must he adjusted so that the ])oint of halatiee comes on tlu; 
Bridge-wire and as near the. middle as possible. The 
teTn[)erature of the looiling ])oint should be corrected for 
atmospheric pressure at the time of tlui ex])eriment. 

Calculate the mean value of the temi)eratur(^ coefheieut of 
resistance between the freezing point and the boiling point. 


The iiiean oot'flicioiit for any given range of tenii)eratur0 may bo deter- 
mine<l by iinding the rejeistance lb ^i-ud K.^ at the limits of the range. The 
tLmqicratnrcs /j and may bo found by using a mercury thermometer to 
take the temperature of the bath in which the platirmm spiral is immersed. 


Then lb = Ro(l+ab) and lC = Ry(l-fab)- 


lienee, by division, 


giving 


Rij I -f a/2 
Rj f T a/ 
R.,-R, 


§ 4. COMPAULSON OF liESbSTANOKS V.Y I’HE FaLL OF 
POTE N TIA L ]VI ETH o 1) 

When two resistances are included in the same circuit so that 
the same current is flowing tlirough eacli, avc can compare the 
resistances if we can compare the potential differences betAvecu 
the ends of the two resistances. 

Let DE and FC be two resistances, whose values arc and 
respectively, and let them bo included in a circuit containing 

-^11-'WWwv'- 

'C 

.J 

D E C F G 

Fio. 250.—Conijmrison of Resistances. 

any other resistance K and a battery B. Then the same current 
C flows through each part of the circuit. 

If y stands for the potential at any point, we have, in 
accordance with Ohm^s Law, 
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iiiul 

Consequently 


V..-V, cv, 

= Cv*2- 

^ 1) ~ ^ I’ 

V,. - V," 


lleiKje, if wc can compare tlie fall (jf potential between T) and 
K with that hctween Y and (i, we c.an find the ratio of to 
This method is specially suitable for low resistances. 

Exrx. 211. Comparison of two low Resistances. —Ca>nuect 
in scries a 2-volt ceil, a large a,(ljusta,l)le resistance Jl, and the 
two low resistances and as in Fig. 2r)(). 

If wo dt‘teiniine the ratio of tlie diilerences of ])otcntial 
between DF and FG, we can find tlie ratio of to : if 
either of these is known, the valuta of the other can he found. 

In ordiM* to compare tlie fall of potential in one case with 
that in the othcir, all that is necessary is to connect the jioints 
1) and Yj to a JitgJi-rci^isfanee galvanometer (virtually a voltmeter) 
and oliserve the deflection, and afterwards to connect the iioints 
F and G to the same galvanometer and again observe the 
detieetion. A double-]lole throw-over switch is convenient for 
this ('X])eriment (p. 584). 

If t/p d., are the deflections (assumed small) in the two cases, 
Vk- Vo 

Hence 

Compare in this way tlie resistance of a inetn' of copjier 
ware of about 20 standard wire gauge, and a standard resistance 
of 0*1 ohm. Thud the resistance of the co])])er wire in olims, 
and from this and the dimensions of the wire determine the 
specific resistance of copper. 

This is a very useful method of conqiaring resistances, and 
deserves more attention than it has retuhved. The princijile is 
applicable in the case of the comparison of very small resistances. 
In some cases a quadrant electrometer may he used in place of the 
li igh-resistance galvauomett'r. It is, of course, a deflection method, 
and is therefore not so accurate as Kelvin’s 1 )ouble Bridge, whidi 
is a null method. This exiieriment is too advanced to be described 
in this book. 
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g 5 . Mkasfkkment of IIioti Kksistancks 

The ordinary form of Po.st-OfUco Box may he used to mea>sure 
resistances U[) to 1,000,000 olims. By having resistances of 10 
olims and 1000 ohms in the ratio arms P and Q (Pig. 1^50) the 
unknown resistance may be 100 times as large as the resistance of 
the adjustable arm, which is usually not greatt^r than 10,000 ohms. 
Thus the unknown resistance may b(i 1,000,000 ohms. To measure 
a resistance greater than this a moditication of the substitution 
method may be em})loyed. A battery of constant E.M.P. is used 
to send a current tlirough the high resistance jdaced in series with 
a sensitive galv<anom(^ter, and the dellection is observed. The same 
battery is thfui ccjiinected through a large adjustable rc‘sistance to 
the galvanometer, but the galvanometer is now s/inuted so that 
only a known fraction of the total current ])ass(5s through it. If it 
be ])ossil)le to obtain the same deflection as before, the unknown 
resistaiice (!an be calculated. If the adjustable resistance be not 
large enough to make this possible, the deflection obtained with the 
largest available resistance is noted, and the calculation is carried 
out on the assum])tiori that the dellection is proportional to the 
current through the galvanometer. Another method that may be 
used in such a case is to vary the applied E.M.F. in a known 
manner, as by varying the number of cells in a battery composed of 
cells of e<pial E.M.F. 

In measuring high resistances the various ])arts of the ap])aratus 
must be insulated carefully: thus no wires should be allowed to 
touch the table, as the resistance of the wood may be comparable 
with the resistance that is being measured. 

Exi’T. 242. Measurement of the Resistance of a Carbon 
Strip. —A suitable high resistance for this experiment may be. 
constructed by fixing two terminals to an ebonite base, and 
drawing lines from one terminal to tlie other with a black-lead 
(graphite) penciL The apparatus should be provided with a 
cover to protect the carbon strips from damage. 

Connect the unknown resistance in series with a battery 
giving an P].M.F. of 6 or 8 volts, a plug key and a sensitive 
mirror galvanometer. Observe the deflection produced 
when the whole of the current passes through the galvanometer. 

Remove the unknown resistance, and in its place put an 
adjustable large resistance—a Post-Office Box will serve the 
purpose. Shunt the galvanometer with a coil having a resist- 
ance of the galvanometer resistance, so that only 
the total current passes through the galvanometer. Adjust 
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llio resistaucci so tliat tli(3 J(‘.flection oUtaliu'd is tlio same as 
tliat previously oUsitvcmI. Then as tlie ioful ciirreiit is now 
1000 times that iu the lirst ])a,rt of the experiment., the 
unknown r(‘sista.n(!e must he 1000 times tlie resistauce in the 
resistance box. 

Tf it h(‘ impossiljle to obtain in this way a deflection as sjnall 
as that observed in the, first ])a,rt of tlie experimtmt (d,), note the 
deflection (c/^) obtained with 10,000 ohms in the box and tin; 
^galvanometer shunted so that ,o\)(y ^^f fhe total current }>ass(‘s 
through it. Since tlie detlei^tion may be assumed })ro])ortional to 
the cuiTimt, and tlie current is invei-sely jiropoi-tional to the resist¬ 
ance, the unknown r(‘sistan(*e has the value 1000 x 10,000 x ."• 
Calculate the unknown resistaiu'c from the deili;etions oOserved. 



CHAPTER VI 

ELECTKOLYSTS—ELECTROCIIKMK^AL EQUIVALENTS 

1. Electkolysis 

Liquids which are decomposed when an electric current passes 
through them are termed electrolytes, and the process of decom¬ 
position is called electrolysis. Solutions of salts and acids in 
water, and certain compounds, when fused, are decomposed by 
the passage of a current, the products of decomposition appear¬ 
ing only at the plates where the current enters or leaves the 
electrolyte. These plates arc termed the electrodes, that where 
the current enters the electrolytic cell being called the anode, 
the other the kathode. Thus, inside the electrolytic cell, or 
voltameter, as it is often called, the current jlow^ from the anode 
to the kathode. The metallic (electropositive) ions, including 
hydrogen ions, are carried along with the current towards the 
kathode. In his “ Experimental ResearchcvS Faraday writes: “ I 
propose to distinguish such bodies by calling those anions which 
go to the anode of the decomposing body; and those passing 
to the cathode, cations; and when I shall have occasion to speak 
of these together, I shall call them io7is.” 

It was proved by the experiments of Faraday that the mass 
M of a radicle set free by the passage of a current is directly 
proportional to the quantity of electricity, Q, which has passed 
through the voltameter. But Q ^ Ct, wher e C is the strength of 
the current and t the time during which the current has passed. 
Hence M is proj)ortional to CV. 

524 
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Tf the same current be passed through several voltameters in 
series containing different electrolytes, the number of ions that 
enter into chemical action in a given case is proportional to 
the chemical equivalent of the ion concerned. The chemicaJ 
equivalent is the mass of an ion or radicle, which will replace, 
or combine with, one part by mass of hydrogen. In the case of 
an element the chemical equivalent is equal to the atomic mass 
divided by the valency. Thus in the case of copper, whose 
atomic mass is about 63, the chemical equivalent in a cuprous 
salt like cuprous chloride (CuCl) is 63, because co 2 )per hero is 
univalent, while in a cupric salt like cupric chloride (CiiCl.,) the 
chemical equivalent is 63/2 because copper here is divalent. 

The eleetroehemical equivalent, of an ion is the mass in 
grams which is set free by the passage of unit quantity of 
electricity. It follows from this definition that 

M = eQ = eCL 

It also follows from the statements above that the electrochemical 
equivalent is directly proportional to the chemical equivalent, or 
the electrochemical equivalent of an ion is equal to the chemical 
etjuivalcnt of the ion multiplied by the electrochemical equivalent 
of hydrogen. 

The Practical Units of Quantity or Current of Electricity are 
frequently defined in terms of the amount of chemical action 
produced by the passage of electricity through an electrolyte. 
Thus, the International Coulomb^ has been defined as the 
quantity of electricity which liberates 0-001118 gm. of silver 
from a neutral solution of nitrate of silver in water. Again, a 
current of one International Ampere^ is that current which 
liberates per second 0-001118 gm. of silver from a neutral 
solution of nitrate of silver in water. Thus, the electrochemical 
equivalent of silver is, from this definition, 0*001118 gm. 
per coulomb. The chemical equivalent of silver (referred to 

* The Legal or International Coiiloml) au<l Ampere defined in this w.-iy differ 
by a very small amount from the Coulomb and Ampere defined by means of the 
magnetic action of a current. 
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hydrogen) is 107-02 ; hence the electrochemical equivalent of 
hydrogen is 0-00001045 gm. per coulomb. 

The quantity of electricity required to liberate one gram-ahnu 
of any univalent clement is calle<l one Faraday, and is equal to 
107-88-^0-001118 = 96500 coulombs approximately. 

One gram-atom means that mass for which the number of 
grams is the same as the number representing the atomic mass 
of the element. Taking the atomic mass of oxygon as 16, one 
gram-atom of silver contains 107-88 gm. 

§ 2. IIktkrminatton of Klkctrochemual Equivalents 

ELECTROCHEMICAL EQUIVALENT OF HYDROGEN 

When a current of electricity is passed between platinum 
electrodes through a dilute solution of sulphuric acid in water, 
decomposition takes place, and oxygen is evolved at the anode, 
hydrogen at the kathode. In this case the current can be made 
to pass continuously oidy if the electromotivti force available 
is greater than about 1-5 volts, for the products of decom])osition 
on the electrodes act like the plates of a cell. This cell has an 
E.M.F. which opposen the passage of the current, the Back E.M.F. 
set up being about 1-5 volts. If the strength of the current 
passing through the solution be extremely small, it may happen 
that the hydrogen liberated is dissolved by the water and no 
visible evolution of bubbles of gas takes place, but with a 
stronger ciiiTent bubbles should be evolved freely and the water 
soon be saturated with gas, so that all the hydrogen liberated 
subsequently may be collected. 

Other solutions may be used in place of the sulphuric acid 
solution, e.g, in preparing very pure hydrogen a solution of 
barium hydroxide Ba(OH)^ is frequently employed. 

In order to determine the electrochemical equivalent of hydrogen 
it is necessaiy to j)ass a known current for a known time, to collect 
the hydrogiui evolvc^d, to measure its volume under known con¬ 
ditions, and to calculate its weight. 

To measure th(i t;urrent a tangent galvanometer may l)e used, 
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for this measures tlie eurreiit in ahmhife units. It is, lioAvever, 
often more conviuiient to us(i a moving coil a.nimct(‘r, rea<ling, say, 
from 0 to 3 ampei’cs, Avliicli lias been standardised already by 
comparison with a tangent galvaiannebT (]>. 4d()). (are itjust Ini 
taken to connect tlie terminal of tlic' amnicter n]ark(‘d + to the 
positlv(i terminal of tlio battery. A current of from I to 2 amp(‘r(\s 
is usually convenient, and a suitaMe cuii'cmt may be obtained 
by varying the numb(‘r ol cells in the battery, or I>y introducing 
sufticient resistanc.e in the cii’cuit when the cnrrt'iit is taken from 
the electric-1 iglit mains wlierci direct ciirrcmt is su])])]ied.^ Several 
diffenmt forms of a]»paiatus have be(*n constructcul for collecting 
the gas evolved. Two only will be referred to here. 

I. Apparatus for Mixed G-ases.—The glass portion of the 
ai)iwatus is constructed as in Tig. 257. The gas exolved fi'om 
both electrodes is coll(‘ct(*d in 
oiu^ and the same tube, wliich 
is graduated in c.c. 'INvo vol¬ 
umes of hydrogen are evf>lved 
to one volume of oxygen, so 
that of the total volume of gas 
C(41eeted only two-thirds are 
hydrogtm. 'Jdie graduated glass 
tube can be reiilh'd with water 
by tilting the apparatus on its 
side repeatedly. In tliis way 
the aj^paratus can be prej)ared 
for use ex[)editiously without 
the risk of dilute acid being 
splashed about on the labora¬ 
tory table. 

Exrr. 243. Determin¬ 
ation of the E.C.E. of 
Hydrogen. I. —'Idie metliod 
of making the connections 
is sliown in i^hg. 258. 

When tlu'se connections 
have been made, c()m})lete 
the circuit for a few 
moments by means of the 
plug key, in order to see that a suitable delieedion is obtained 
on the amintdA^r, and that bubbles of gas are given off from 
the electrodes. If the curi’cnt is obtained from a battery of 

^ For a convenient type of lamp resistance see p. 588. 
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stc)ra.^e cells, a j)i(‘ce of resistance wire (])latinoid or man^anin') 
may he introduced as one of tlie connecting wires, in order to 
adjust tlie current to the strength desired. Before lu^ginning 

the actual experiment 

remove the hubbies of 

gas that liave collecterl 
in the graduated tube 
during the preliminary 

adjustments. 

Start the current and 
the seconds liand of a 

Fro. 258 .—Determination of Electrochemical stop-wa,tell, or clock, at 

Equivalent. tho stime instant, and 

allow the evolution of 
gas to continue till the gradiiatt'd })ortion of tlie tube is filled 
with the mixed gases.^ Headings of the ammeter must be 
taken every half-minute, and from tlnsse ri;adings the mean 
value of the cun ent must be calculatcMl. Wlam the full amount 
of gas has Ixhui collected, stop the (urrent and the stop-watch 
at the same instant, and find the value of /, tho time in seconds 
during Avhich the current has beim flowing. Determine also 
the volume, v c.c., of gas collected under the conditions of the 
experiment, remembering that only two-thirds of the total 
quantity of gas is hydrogen. 

Th is volume, v c.c., requires to be corrected for temperature and 
pressure, that is, we require to find what the volume would be at 
0° C. and under a pressure of 700 mm. of mercury. 

Correction for Temperature. —This correction is most c^asily 
ajiplied by using the absolute sntle of temperatun',, since the volume 
of a given mass of gas is directly proportional to its absolute 
temperature. To convert temperatures on the centigrade scale to 
temperatures on the absolute scale it is only necessary to add 273“ 
to the reading of the centigrade thermometer. The volume of the 
gas at 0" C. (nr 273“ A.) would be 

273 

w’hero T is the temperature of the room on the absolute scale. 

Correction for Pressure of Aqueous Vapour. —Let P be 
the actual pressure in mm. of mercury of the gaseous mixture 
in the tube at the end of the experiment. 

^ The evolution of gas must not he continued long enough for the electrodes 
to become uncovered by liquid ; if this hai)pens there is some risk of a serious 
explosion taking place with this form of apparatus. 
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Let B the height of the barometer in mm. Tlie prc-ssure P 
in the tul)e diflers fr'^nn the atmosplieiic [)ressiire on aecount of tlie 
(liiterence in water level between A and D (Fig 257). 

L(it A —the differemte in level in mm. between A and D. The 
pressure due to tlu^ difference of level betw(H‘n A and l) = A/ld-6 
mm. of mercury, since the density of mercury is Id-G. Hence 
P-B + A/ld-r). 

The total ])ressure P is made up of a ])ressuro V due to the 
hydrogen and oxygen, and p due tc tiie aqueous vapour in tlie 
tube. The s])ace in tJu.‘ tube is saturared, therefore == saturation 
vapour jjressuro of water in mm. of mercury at tire tem 2 )eratuic of 
the room. 

Thus, P'~P—^>, or P'— B +///IChG - p, and consequently the 
volume of the hyUrogrm and oxygen together under standard 
pressure (760 lunr.) at 0° C. is 

275 V' 

V,, = V X ,,, X - . - 


= V X 


275 B + A/15.G-j>. 
T "" ■ 700 


The volume of the hydrogen is two-thirds of this volume. 

The mass of 1 litre of hydrogen at 0’ O. under 760 mm, of 
mercury is 0-0S987 gm,, so that we may take 1 c.c. of hydi’ogen 
under these conditions as having a mass of almost exactly 0*0000*^ 

2 

gm. Hence the mass of the hydrogen M — x 0-00009. 

The electrochemical equivalent of hydrogen may then be 

calculated from the eciuation e~^] . 

^ Vt 

The exjreriment may be re 2 H‘ated with diherent value's of C. 

II. Apparatus for Separate Q-ases.—Tn this a 2 )])aratus the 
oxygen and hydrogen are collected sei)arately in two inverted 
gas collecting tubes, or burettes. These are lilhid with wat(‘r before 
the commencement of the exi^eriment and i)laced in 2 )Osition over 
the 2)latinum electrodes (Fig. 259). 


Expt. 244. Determination of the E.C.E. of Hydrogen. 

II. —Make the electrical connections as in Fig. 258, and fill 
the collecting tul>es wuth water. 

The resistance of the voltameter varies very considerably 
with the depth to which these glass tubes are immersed, so 
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that tho strengtli of the cnrroiit may he adjusted by altering 
the position of one of the tubes. In making this adjiistnicjit 

grcNit care must be taken to see 



that all the bul)bles of gas are 
caught within the ghiss tube; if 
the tLil)e is not at a siifKiuent 
dtipth in tli(5 li jiiid some Imbbles 
may escape. The pro(;e(bire is 
very similar to that already de¬ 
scribed, but in this case the 
hydrogem evolved at tlie kathode 
is collected till the tnlx', contain¬ 
ing it is lilled to the level of 
the water in the voltameter. By 
adjusting the level of the water 
inside tlie tube so as to be the 
same as tliat of the water outside. 


Fia. 25<).- Vc,itaTU0ter for Srparale becomes Zero, and uo c.orrc‘ction 

Oa.^c.s. for dilfereiice of level is needed. 


The afjueoiis vapour j)resont must be corrected for. If the 
atmospheric ])rt\ssure is B, and the volume V is read at atmospheric 
pressure, we have present in the tube this volume of hydrogen at a 
pressure being the saturation va,]>our pressure of aqueous 

vapour at tl](‘. tem]>erature of tli(‘ water. 

It is also neet'ssary to cmTeet for temperature. 

'The volniiK'. of tlie hydrogen, reduced to O'C. and 7G0 mm. 
pressure, will be given by 


V„.-V-x 


273 __ r,-p 

27 ;V +1 ^ “700 ’ 


where f is the temperature (centigrade) of the water in tne 
voltameter. 


ELECTROCHEMICAL EQUIVALENT OF COPPER (CUPRIC) 

Wlien a current of electricity is passed between copper 
electrodes through a solution of a cop])er salt in water, copper 
is dissolved from the anode but is deposited on the kathode. 
The amount of chemical change Liking jdace is proportional to 
the quantity of electricity jmssing through the voltameter. It 
is found, however, that trustworthy results cannot be obtained 
from the loss in weight of the anode, as small pieces become 
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loosniicd HTid dctiudi tliernselvos fnnu the .‘iiiode luecluinicjilly, 
so that ill (juaiit;itative e\]M‘riiiiciits it is .'ilways the increase in 
Aveight of tlie kathode that is detenninedi, (.)ur present ohject 
is to determine tiie electrochrmieal (‘(piivaJenl of copjier, that 
is the weight of cojipcr di^])osited l)y the passage of one coulomb 
of electfi’icity. AVo must thendore nn'asun*. the strength of the 
current liy some ahsfdute instrument such as the tangent 
galvanometer, and oliserve the time in seconds during which 
the current flows. In many experiments, however, the value 
of the electrochemical eijuivalent is assumed, and the copper 
voltameter used to measure the strength of the current flowing. 


The Copper Voltameter consists of a ^ 
solution of co]»])er suljdiate made by dissolvii 
widglit of crystallised copjier sulphate in 
about 100 parts ol water. The solution is 
made slightly acid hy the addition of I ]ku- 
cent of strong suljtliuric aciti. The anode is 
made of two similar cojipm* plates placed 
parallel to one another and supported by a 
bridge of ebonite wliieh rests on the top of 
the glass jar. The ])lates are both (‘onnecti'd 
to one terminal flxed to the el)onitt‘. 'Idie 
kathode is a eop]>er jdate of about the same 
size as one of the anode plates. It is plaeed 
between the latter and is attaclied to a brass 


flass jar containing a 
ig about 20 parts by 



block on the elxiiiite l)y a siiigh* binding- 
screw, so that it can be removo<l easily for 
weighing. As both anode and kathode are 
composed of tlie same metal as that which is 
liberated liy the current, there is no ba.«’k 
E.M. F. due to polarisation, and tlie smallest 
applied E.M.F. will bring about the d(‘j>osi- 
tion of copper. But if the current is very 
small, a very long time is required to give 
an amount that could be weighed accurately. 
On the other hand, Avlum tla^ current is 
too strong, the cojqier is liable to scale off 
the plate. To get a tiriii and smooth de])osit 



Fig, 200.—C-opper 
Voltameter. 


of copper the current should not exceed one ampere for each 50 


or 60 sq. cm. of surface. It is therefore necessary to find the area 


of the two sides of the kathode and to calculate ajiproximately 
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tlu; (l('flo(.*tioTi of the _<;al vaTioiii(‘ic;r (•orn'!S))oii(ling to this inaxinium 
current. .If the kathode he a rectangular ]>l}it(; about 5 cm. wide 
and 1)0 immersed to a dejdh of 10 cm., the curreut to be used 
should be about 2 auj 2 )ercs, and the de 2 >osition should be continued 
at least half an hour. 

Expt. 245. Determination of the E.C.E. of Copper.— 

Connc'ct the ap 2 )aratus as in 2(11, takiTig care tliat the 

ano<le is connected to the 2 >ositive }>ole of the cell. 



Fin. 201.—E.C.E. of Copyxsr, 


B is the battery, for which a single secondary cell is 
GutUcient. 

V is the voltameter. 

B, an adjustable rtesistance, which may be a length of 
platinoid wiie. 

K, a commutator. 

G, a tangent galvanometer. 

The tangent galvanometer usually emjdoyed is one with a 
single coil containing either a single turn, or two turns close 
together, of thick co 2 >per wire. All iron must be removed 
from the neighbourhood of the galvanometer, which must be 
set U21 so that the j>lane of the coil is 2 ^arallel to the magnetic 
meridian, and the reading is zero. 3die wires connecting the 
galvanometer to the commuhitor should lead away from the 
galvanometer and should be twisted together, so that the 
magnetic fields they })roduce may not affect the needle ; twin 
flexible leads are convenient for this 2 )urposc, 

The kathode must first be; well cleaned by rubbing it with 
sand and water with a rag, or with a piece of saiid-pa 2 )er or 
j)umice-stone. It is washed with water and placed in the 
voltameter so that the current may be adjusted to the desired 
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value by altering ibe value of the resistance Tv. Wlien the 
curnuit lias passi'd for a niinule or two, tlie cii-iMiit is broki'u 
anil the kathode renioved for exaniinal ion. ^fhe 2)art Inmiersi'il 
should now be coverial with a smooth sal mon-coloured dejiosit 
of c.ojiper. If the plate is da-rk in colour it shows tliat the 
connections have not been made correctly. d'ho i-ed-coated 
])late must be washed and driiMl carefully. The exci^ss water 
should be removed with blotting-paper without rubbing, and 
the ])late may then be gently warmed at some distance a/^ove 
the flame of a Bunsen burner or a spirit lamp. (Treat care 
must be takim that the surface is not oxidised in tlie }n'ocess. 
The kathode, when dry and cold, is weighed on an accurate 
cliemical balance to inlikiii (»ie 'm'dliijrani ^ and is icjilaced in 
the voltami'ter. ^fhe current is started at a known inst.ant 
and allowed to How for at least half an hour. '^Fhe deflection 
of the galvanometer is noted during the first five minutes. 
At the end of this time the current through tlu^ galvanometer 
is reversed quickly and the deflection agiiin noted. At the 
end of another five minutes the current is j'eversed again, and 
so on. 

llecord the results as follows :— 


Time. 

Mean 


Tangent. 

0 Jiiiim 

5 

> 

> 

-i- 35-0 
- ;5(i-r) 

0-7002 

0-7i00 

J U 

> 

-1-80.0 

0-720.0 

J .> 

20 

> 

- 80-0 

0-7205 

of, 

> 

l-8,0..0 

0-7183 

30 

> 

-8.0.0 

0-7002 




0-7178 11 lean. 


The mean current in ami^eres during the experiment is given 
by the formula 

j H 

Q! ^ 10 X -7 X tan 6>, 

where C is the mean current in ami>eros, 

tan 0 is the mean tangent of defleiTions, 

(T is the magnetic field at the centre of the galvanometer 
due to 1 C.CT.S. electromagnetic unit of current, 

and H is the earth’s horizontal field (-0-185 C.G.S. units in 
London). 
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Now for a cii*cular coil and d tiintjle Inrn^ of radius r cm. 



(in aniiHM'cs) tan u. 


Measure tlie mean radius, in cm. of tlie single coil of 
tliick wire as acciirat(*ly as ])ossil)le with a beam compass or a 
pair of calliiiers, and calculate C. 

Tlie kalliod(' is (‘andully washed and dried as before, and 
tlu'u weighed again. Tlu‘ increase in weight is found. Ix‘t 
this 1)6 M grams. Tlieii tlie electrochemical eipiivalent 

M 

e='-^i^~tht^ number of grams deposited ])er coulomb. 

^ For Ji ITnliiiholtz galv;uioniet<‘r (]). oGfi) of two coils, one turn each, at t' 
di,stance a])art c(|ual to the radius r of either coil, 

G- — 

~ r 

HiBce, in this case, 

C dll amperes) = tan 



CHAPTER VIT 

THE HEATING EFFECT OF AN ELECTRIC CURRENT 
§ 1. Joulk’s Law 

The difterence of potential between two points in an electric 
circuit is ecpial to the work done in carrying unit (piantity of 
electricity from one point to the other. Hencc> if a quantity of 
electricity Q is carried l)etween two points when the IM). is E, 
the work done is W ~ p]Q, 

If a steady current C How for time t, Q = C7, and therefore 
W - EC/. 

If is in volts, C in amperes, t in seconds, W is in joules 
(1 joule =10^ 

JFhcii the energy vf an eledrie cwi'ent is not used in doing me chemical 
work or in chemical action it appears as heat in the conductor. 
According to Joule^s law the heat produced is equivalent to a 
certain amount of mechanical energy, in accordance witli the 
equation 

W = JH. 

If W is in joules, H in calories, J -- 4-2 very nearly, for 1 
calorie is equivalent to 4-2 x 10*^ ergs. 

Thjifi jH=ECr. 

Expt. 24G. Determination of the Mechanical Equivalent 
of Heat by an Electrical Method. — In order to test the 
accuracy of this result it is nectissary to measure the lieat pro¬ 
duced by the passage of a given current, for a given time, 
under a known difference of potential. 

535 8 2 
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Thii ht'at ])r()(lu(u‘(l Is measured hy immersing a c'oil of 
r€\sistaiice wire carrying tlie (airrent in a large* calorimeter 
(ca[)aeity about half a liirti) containing 
a liejuid (ff known specific heat. In 
the case of water a cci Liin amount of 
ele’ictrolysi.s takes place, hut provideel 
the potential ditfereru^e employed does 
not exceed 8 or 10 vofts, and the re¬ 
sistance of the immersed spiral is low 
(about 0*5 ohm), this does not materi¬ 
ally afh'-ct the result. The spiral is 
connected by thick coy^per leads to 
two terminals fixed to the wooden cover 
of the calorimeter. I'he cover is ])ro- 
vid(^d with a hole for tin*, thermometer 
and another for the stirrer. E^flirieut 
sfirruif/ u 7H()i<t ini'portant in this e.r- 
perinu^nl. 

The calorimeter is weighed empty, and again when full of 
water. 

The electrical (juantities are measured most conveniently by 
using an ammeter and a voltmettn*. T’he apparatus should be 
connected as in Fig. 2r)B. 

, B is a battery comprising 4 or 5 
secondary cells. 

K is a ])lug-key. 

A is the ammeter for currents uj) 
to about 15 or 20 anpxnes. 

V is a voltmeter reading to about 
5 volts. 

C is the calorimeter. 

K is a resistance consisting of a 
wire frame ilieostat, or a bare r<‘- 
sistance wire. 

It is advisable to use a current 
of from 8 to 12 am]>eres so that an 
appreciable change of temperature 
may be obtained in two or three minutes. Having connected 
up the apparatus, using thick copper wires to make the cou- 
nections in the main circuit, adjust the strength of the current 
to a suitable value. Wait a few minutes for the temperature 
of the calorimeter to become steady, stirring occasionally, then 
take the reading 

Start the current when the seconds haud of a watch passes 



FiCJ. 203.—llpfithig Effect of 
ClUTHUt. 



Fia. 202.—CalorirnetiM- with 
Heiiting Coil. 
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tlie 00 mai'lc, and allow tin* current to flow for say 0 minutes, 
stirring ihorouglily meanwhile. ^Fake readings c)f the aininefer 
and th(.‘ voltineUa* every half minute. >Sto 2 ) the current after 
a known interval of tinn* and r(>ad the final tein 2 )erature 

Let w^ — mass of calorimeter (inner vessel only), 

M = mass of ater, 

s=^speeitie heat of metal of calorimeter, 

Oy — initial tem|H‘ratnre, 

6 ., ~ linal teiiiperal m e. 

Then the heat given to the calorimeter and its contents is 

ir --^(M4 -(),), 

Calculate tlu^ value of J in the ecjuation 
JH-KCV, 

noting that the time must he measured in seconds. 

"J^he (‘X])eriinent may he re2)ealed for a- different value of th© 
current. 

Instead of nuaisuriiig K with a voltmeter, tla^ resistance 11 of 
the immersed s])iral may he nuNisured hy means of the slide-wire 
bridge, and the value of J tound from the et|uatiou 

JTI-CTu. 

Notr,—T liirt last cqaatioii is 1ru(} wlidlior work is being j)Brforiin;fI by 
the CMirre.nt or not, tlie 'portum of tlic a,]>j>lic(] jntential dillcrenitu required 
1o oviirconie a resistamto R being CR if a cuiTeiit C is Ixiing passed, however 
l.lio rest of tli(' IM). is ])eing enqdo^a’d. The Inxiting eifecT tlierefore is 
nieasured always by ("dt/, and is often referred to })y electric.al engineers as 
the Cdt loss.’ 


§ 2. dhiE Efficiency of an Electric Lamp 

The principal units employed for the scientific measure of 
energy are :—■ 

The erg = 1 dyne ceiitiiiietre 

The joule 10~ ergs. 

The calorie, or heat unit of energy4*2 x 10’^ ergs = 4-2 
joules. 

The Board of Trade Unit (or kelvin) = the energy 
supplied an engine working for a period of 1 hour, the 
power of the engine being 1 kilowatt (see below). 

[Calculate the number of ergs in the kelvin.] 
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The units employed for me/isuriiig 'power or activity (rate of 
doing work) are the following:— 

The C.G.S. unit= 1 erg per sccoikL 

I'he watt ~ 1 joule per second. 

The kilowatt--- 1000 watts. 

The British horse-power = 33,000 ft. lbs. per min. = 74G watts. 

The measurement of electric j>ower dei)ends on the measure¬ 
ment of current and differeyice of potential ; the energy depends on 
these and also on the time. 

There is said to be unit difference of potential between two 
points when unit amount of work has to bo done against the 
electric forces, in carrying unit quantity of electricity from one 
point to the other. This quantity may be carried by unit 
current flowing for unit time: the quantity carried by a current 
C in / seconds is Q, - - Of. 

If we use (\Ct.S. electromagnetic units the work done is 
measured in ergs. If we use practical units the work done is 
measured in joules. For the difference of potential between two 
points is one volt when one joule of work has to be done in 
carrying one coulomb of electricity from one point to the other 
against the electric forces. 

If a steady current of one ampere flow between two points 
between which the P.D. is one volt, the rate of doing work is 
one joule per second, or one watt. 

1 Coulomb = 10-^ E.M.U. (Abs.). 

1 Ampere = 10~^ E.M.U. (Abs.). 

1 Volt = 1 08 E.M.U. (Abs.). 

1 Ohm = 10^ E.M.U. (Abs.). 

When electrical energy is used for purposes of illumination it 
is important to know the relation between the rate at which 
energy is supplied andl’ the candle-power produced. Electrical 
engineers often speak of the number of watts per candle-power 
as the efficiency of the source of light. It would be more 
correct to term this the inefficiency, and to use the term 
efficiency to denote the candle-power per watt. 
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]Cxi*T. 2 17. Determination of the Efficiency of an Electric 
Lamp. —(*aii(lh*-|>(»\\rr ol IIk^ lajiip uihUm’ lest may ]»e 
iiieasiinHl by one- of the methods (leserilxal in the Chapter on 
rhotoim'try, ]>. ‘U)2. 

To nic‘asiirc rate at wliich energy is su])[)lied to an 
incandescent ]am]>, it is necessary to measure the current 
passing tlirough the lamp and the 
difference of poteJitial between its 
terminals. 

Connect up the a])paratus as in 
Fig. 264. 

L is the lain]). 

It is an adjustable wire-frame 
resistance. 

A is the ammeter, connen-ted in 
series. V is the voltirieter, con¬ 
nected in par^t/lel with the lamj). 

Care must be taken to see that 
connection is made to the ju'oper 
terminals for botli ammeter and 
voltmeter, before switching on the 
current. Note the readings of the 
ammeter and the voltmeter for a particular value of the 
resistance II. 

Measure tlu^ candle-])ower of the lam]) in this condition. 

Take a series of readings in this inaTiner for different values 
of tile resistance II. Finally cut out the whole of the resist¬ 
ance II, and take a set of readings when the lam]) is sup])]ied 
with (uirrent at the voltage for whicli it was designed. 

1. Calculate the number of watts ])er candh*. at the s])ecified 
voltages. 

2. Calculate also the caudle-jiower develo])ed jxn- watt. 

3. Calculate the resistance of the lam]» when glowing at different 
candle-])Owers. 

4. Calculate the heat ])roduci‘d in the lain]) in calories per 
second. 

Tabulate the results, and illustrate th^n by means of graphs. 

It is instructive to carry out exjierimmits of this kind both with 
a metal filament and a carbon filament lamp. 

TIio variation of th resistance of the carbon filanumt with 
temperature (estimated qualitatively by the colour) differs in an 
interesting wuy from that of the resistance of the metal filament. 


Mains 
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g 1. Elkotromacjnetki Induction 

In 1831 Faraday showed tliat an electric current wa.s produced 
in a closed circuit whenever the nuinber of lines of magnetic 
induction passing through the circuit was changed. Such a 
current is termed an induced current 

The alteration in the number of lines of magnetic induction 
may be due to 

(1) Starting or stopping currents in neighbouring conductors, 

(2) Variations in the strength of those currents, 

(3) The motion of conductors carrying currents, or 

(4) The motion of permanent magnets with reference to the 
circuit under consideration. 

The results in all these cases may be suiniiiaristid in the state¬ 
ment, due to Faraday and Neumann, that the E.M.F. induced 
in a circuit is equal to the rate of decrease of the number 
of lines of magnetic induction passing through the circuit, 
the positive direction of the E.M.F. Ixu'ng related to the ])ositivo 
direction of the magnetic induction in the same way as the direction 
of rotation to the din;ction of translation in a right-handed screw. 

An increase in the num]>er of lines gives rise to a naiative 
E.M.F. 

Expt. 248. Illustration of the Laws of Electromagnetic 
Induction. —These laws are illustrated in the present experi¬ 
ment by the aid two coaxial coils. One cf)il, the primary, 
is connected in series with a secondary cell, an adjustable 
resistance, and a key; the other, the secondary, is con¬ 
nected with a galvanometer. 
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liel’ore connecting tlic coils it Is necessary to (letonninc 
in wliicli direction tlie wire is wound in eacdi of them. In 



Fii;. ‘JG'i. Ap))aral.us fur Induced CurnMits, 

Jl™resj-sLaiicc. C. galvatiouu'fei, K ^ n versiii;; HWif eh. 

tljo following de.sci j2>tioJi it is assumed that the axis of each 
coil is vertical. 

To find the Direction of Winding in the Coils.— 
The host method of finding the direction of winding in the 
coils is as follows :—Mark the terminals of the }>rimary coil 
A and B, and the terminals of the secondary coil (J and 1). 
(Vjiinect the 2 ) 0 .sitiv() terminal of the ])attery to A, and the 
negative terminal of tlie hattcay through a rough regulating 
resistance, It, to B. Itring a com})ass not'dIt^ close to the 
U}t 2 )er end of the coil, and note the way in wdiich the needle 
2 )oints. If tJie nortli end of the needle i)oints towards the 
toj) of the coil, this end acts likt‘ tlic south pole of a magnet, 
i'.c. lines of force enter the coil at this end. 

This moans that the current in the <;oil circulates clockwdse, as 
viewtul from above, when the cdirreiit enters at A. The reverse 
holds good if the south jade of the needle }>oints to the toj) of the 
coil. In this wuy the direction of circulation of the current in the 
primary can be determined when the current enters at A. 

Now connect the cell to tlic secondary coil in a similar way, 
connecting tlie jjositivc of the cell to the terminal marked C. 
l)et(‘rmine tlie i)olarity of the top of the coil in this case, and 
from it cleduce tlie direction of circulation of the current in 
the secondary when the current enters at C. 

Let tlie direction of circulation in tlic secondary be clockwise, as 
viewed from above, wLeii the current enters the secondary at C. 

To find the Direction of the Secondary Current 
corresponding with any Deflection of the Q-alvano- 
meter.—The direction of motion of the needle of the galvano- 
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meter must now be found for a eurrent flowing round it in 
some known direetion. 

Mark ibe terminals of the galvanometer E and F. Conneet 
p] to the positive terminal of tlu; cell, connecting F inomentarily 
with the negative terminal of tlu^ cell through as large a 
resistance as the regulating resistance will give. 

Suppose the north pole of the galvanometer needle to go to 
the east, then this north pole moves east wlnm the cuiTent enters 
at E, and hence the direction of circulation of the cairrent in 
the galvanometer can be found from the motion of the needle. 

Connect uj) the secondary coil to the galvanometer so that 
C is connected with E, and D with F. 

Then on the above supjiosition, a deflection of the nortli polo 
of the needle towards the east means that the current enters the 
galvanometer at E, ij\ an easterly deflection indicates a current 
circulating from 1) to C in the secondary, since the current leaves 
the secondary at C. 

In all the following description it will be assumed that the coils 
are viewed from above. This means that an easterly dellection of 
the north pole of the galvanometer needle indicates an anti-clockwise 
circulation of the curnmt in the secondary, since the circulation 
is clockwise (by supposition) when it enters the secondary at (J. 

Demonstration of the Laws of Electromagnetic In¬ 
duction. —Having madti these preliminary observations and 
obtained the result expressed in the last sentence, connect 
up the primary cod with its terminal A connected wuth the 
positive terminal of the cell, and with P> connected to the 
negative with a large adjustable resistance in series. 

The current in the primary will now circulate round the 
coil in some known direction : suppose that this direction is 
clockwise. 

Then carry out the following experiments, noting in each case 
the direction of circulation of the current in the secondary as shown 
by the deflection of the galvanometer needle !— 

1. Current f^iarted in Trimary, —The deflection of the ne(‘dle 
is east. Therefore a clockwise current started in the primary 
iiidiKtes an anil-clockwise {inverse) current in the secondary. 

2. Current sfojq^ed in Primary. —The deflection of tlie 
needle is west. Therefore a clockwise current stopj^jd in the 
primary induces a clockwise {direct) current in tlie vsecondary. 

Note the deflection as before and deduce the direction of 
the secondary current induced in each of the following cases :— 
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3. Ciirremt in jnnniary snddtnily increased. 

4 . CuiTtiit ill })riiiiary suddenly diminislied. 

f), Secondary siuldenly moved away from ]»rimary, keejnng 
primary current constant. 

G. Secondary suddenly la-onglit up to primary again. 

7. Current in primary suddenly reverstnl. 

It will })e found tliat switching on th(3 current produces aii 
effect of the same kind as 3 and G. 

Switching off produces an effect of the same kind as 4, 5 and 
7. We can thus deduce another Law^ of Induced Currents :— 

The induced current in the secondary coil is always in 
such a direction as to oppose any change in the magnetic 
field through the secondary. It only lasts while the 
change is being produced. 

Tn the suppositions inadc*, switching on the current introdncc^s 
doxmiWiirdr-divtvtcd lines of force. Idle induced current circulates 
anti-clockwise and thus ci-eates uprvard-dh’ectx^d lines of force, which 
liowever only jjersist for a moment, the induced current dying away 
al Ill os t in stan 1 aiieon sly. 

Verify that the above law liolds good for all changes in 
the magnetic field, howevm* produced. 

This may 1 h‘. done by bringing up a har-magnet and finding 
flic dii'cction of the imluccd current :— 

(u) When the north }>ole of the magnet is insertinl in the 
coil, i.e. the magnet is insc'rted with its north pole downwards. 
(j)) When tlH‘ north pole is withdrawn suddenly. 

(r) When the magnet is inserted with its south pole 
downwards. ~ 

(ci?) When the south poh^ is withdrawn suddenly. 

Idace a bundle of iron wires in the coil, and repeat the 
first series of exjierimeiits. Show that the efiects })roduced 
are always of the same kind as with air in the coil, but that 
the indiu‘ed currents are of mucli greater magnitude. 

The last result is explained by saying that iron is more 
liermeable than air to magnetic lines. If 11 denote the strength 
of the magnetic field, or the number of C.G.S. lines per sip cm. 
in air, and B the corresponding (juantity in iron, the ratio of B 
to II is called the Permeability, p, of the iron. Thus 

B 
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The term magnetic Flux is apj>lietl to tlie number of the 
magnetic lines passing through the iron. The (bG.S. unit of 
magnetic flux is the maxwell. The maxwell corresponds to one 
O.G.S. magnetic line. 


THE INDUCTION COIL 

The object in view in the construction of an induction coil 
is the production of a high induced electromotive force that is 
mainly unidirectional. I^et M denote the eoeffleient of mutual 
induction of two coils, i,fi. the num}>er of times the secondary is 
threaded by lines of magnetic induction when unit current flows 
in the i)iimary.^ Then if a current C flow in the primary, the 
number of times the secondary is threaded by lines due to this 
current is N = MC. 

But the induced E.M.F. = Itate of decrease of N, 

— Bate of decrease of MC, 

= M X (Bate of decrease of C), 
provided M is a constant quantity. 

Thus to make the induced E.M.F. large, the two factors on 
the right-hand side must be made large. To make M large, the 
secondary coil is wound with a large number of turns, and an 
iron core is used to concentrate the magnetic lines. To make 
the rate of decrease of the current large, the original current in 
the primary must be large and it must be cut off very rapidly. 

Thus the essential features of the induction coil are :— 

(1) A primary coil of a small number of turns of thick wire, 
and therefore of low resistance. 

(2) A secondary coil of a large number of turns, involving 
the use of fine wire and consequently large resistance. 

(3) A core consisting of a bundle of soft iron wires. 

(4) An interrupter, to break the primary current as rapidly 
as possible. 

In most cases the coil is fitted with a condenser, with its 
* If there are n turns in the secondary, each lino threads the circuit n times. 
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[)lates connccicfl to the two points of the primary circuit 
iKitvvcen which tlie lircak takc-s jilacc. 

Fig. 2G(» shows the construction of a Fulmikorfr’s coil fitted 
with a hammer contact-breaker. The battery B is connected 
to the primary P through the commutator K, connection being 
cornjdeted througli the point of the screw A and the back 
of the hammer-head H. The hammer-head is mounted on 
a spring D, the tension in which can 1)C adjusted by the 
insulated screw T. AVhen the current passes round the 
primary, the iron core is magnetised and attracts the soft 



iron H, which flies forward and breaks the contact. The 
magnetic field is thus destroyed, and an E.1M.F. is induced in 
the secondary due to the sudden withdrawal of the magnetic 
lines. The hammer-head, being no longer attracted, returns to 
its former position and makes contact once more. G is a con¬ 
denser in the base of the apparatus. It is introduced so that 
the E.M.F. due to the self-induction of the primary may 
charge up the condenser instead of producing a spark at the 
point of break. In this way the primary current is reduced 
to zero more rapidly, or the rate of diminution of the current 
is increased. An E.M.F is also induced in the secondary 
on making contact, but this is much smaller than the E.M.F. at 
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break, since the current in the primary takes vseme time to 
nse to its full value in conse(piencc of self-induction. 

Note.- Wiicn tli»^ con tart i.s brolvcii, a fiirtluT iOicikcihuoh is tliat, 
as tJie condenser and tlie ])riinary of fin* Kulinikoill fM)il 1‘orju aji oscillating 
Bystem, an oscillating E.M.F. is iinUiced in tli<i bccondary. 

Expt. 249. The Induction Coil. —Tt is assumed that the 
induction coil is fitted with the ordinary haiiimer-break. 
lleleasc the lock-nut on the screw cTirrying tlie platinum i>oint, 
and withdraw the screw so that there is no contact with tlu* 
platinum on the hammer-head. Turn tlie adjusting screw T 
till there is no extra tension on the spring D. Connect the 
terminals of the coil to a suitable battery, iiitrodiKung a piece 
of load wire fusing at 10 amt)eres to prevent an excessive 
current from damaging the coil. With a coil of mediiiiii size 
a battery giving an E.M.F. of about 8 volts will bo suitable. 
Turn the handle of the commutator into tlu^ on position. 
Advance the screw carrying the platinum point till contact 
takes place with the hammer-head. 4'he interrupter should 
commence to work, and when the terminals of the secondary 
are set at a small distanee apart, s[>arks should j>ass between 
them. The screw should be clamped in tliis position by means 
of the lock-nut. The stiffness of the spring may now be 
adjusted by turning the milled head. Occasionally the platinum 
points fuse together and the action ceases. Should ibis lia]»j)en, 
momentarily reverse tlie current ; this will often start the 
interrupter working again. If it does not, switch off the 
current and turn back the screw carrying the platinum j)oint. 
After long working tlie platinum contacts become pitted and 
may need polishing with fine emery jia^ier, but this should 
never be attempted by the student. 

Determine the maximum length of sj)ark that can be 
obtained from a given setting of the spring. Assuming that 
the spark length is approximately projiortional to the P.l)., 
and that 30,000 volts are required for a spark 1 cm. long, 
calculate the E.M.F. induced in the secondary of the coil. 

Connect the coatings of an insulated Tjcyden jar to the 
secondary terminals, and examine the character of the spark. 

Examine the discharge through a ‘ vacuum tube ^ connected to 
the terminals of the coil. With a moderate vacuum, near the 
positive electrode is a long luminous column knowm as the positive 
column, while the negative electrode is surrounded by a blue 
luminous layer known as the negative glow. With a high 
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vacuum these effects (lisa]>|)ear, but tlie glass walls of the tube 
ex])osed to the iit'gative (ileetrodc; iHicome fiiioresceiit under the 
bombardment of katliodi*. rays (negative electrons) proceeding from 
that electrode. 

An X-ray bulb may also be examined. Tin; saucer-shaped 
kathode must l»e conmiclcMl to the negative birniinai of tlie coil. 
^IMie anode and anti-kathode are conriecte<l b> one anotlier and to 
the ])ositivt‘ terminal. If the commutator is in the right }>ositi()n, 
that half of the bulb whicdi is in front of th(‘. anti-kathode will 
lluoresce with a gretui glow. The anti-kathode is bombarded by 
th(‘ kathod(‘ rays, and the X-rays originate at tht‘ point of im})act. 
Tluur effect may be di‘tected by a fluorescent screen or a photo- 
gra])hic }date. The skin should not be exposed unduly to the X-rays. 

THE TRANSFORMER 

The induction coil is a particular instance of a general type 
of apparatus known as a Transformer. A typical case is 
Faraday’s Iving Transformer, in which 
an iron ring is provided with two wind¬ 
ings as in Fig. 207. The current in 
the primary, P, gives rise to lines of 
magnetic induction which form a closed 
magnetic ciremit in the iron ring. When 
the strength of the current in the primary 
is varied, an F.M.F. is induced in the 
secondary, S. The magnitude of this FIM.F. depends primarily 
on the material of the core, and on the i*elative numbers of 
turns in the primary and the secondar 3 \ 

When an alternating current is sent through the primary, an 
alternating E.M.F\ is induced in the secondary. If the number 
of turns in S be greater than the number of turns in P, the 
voltage at the ends of S will be greater than that at the 
ends of P approximately in the ratio of the number of turns. 
Neglecting cmjrgy losses, the current is diminished in the 
same ratio as the voltage is increased. This arrangement is 
called a step~up transformer. The converse of this is the sttp- 
down transformer, in which the voltage is decreased while the 
current is increased. 



Fui. 2C7.—The Transformer, 
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Expt. 250. The Eing Transformer.—Connect the j)nTnary 
coil of a ring transformer tlirougli a coininiitator to a 1 )atter 7 
of accuTiiulators, placing iji the circuit a rough regulating- 
resistance and an aniiiK^tcr. Coimect the secondary coil to a 
ballistic galvanomet(u* (p, 572). 

Observe the throw of the galvanometer produced l)y a 
sudden revei\sal of the currcait in tin; ])rimary. 

l\e[)eat the obstjrvations for ditierent values of tlie current 
in the primary, and j)lot a curve showing the relation between 
the throw of the galvanometer and tlie strength of the priina]*y 
current. 

The throw of the galvanometer is pro])ortional to the quantity 
of electricity passing through it, i.e. to the change in the niimht'r 
of lines of magnetic induction ])assing through tlie iron ring. The 
current in the ]»rimary is a measure of the magnetising force })ro- 
ducing these magnetic lines. Thus the curve serves to indicate 
the permeability of the iron to lines of magnetic induction, for 
different values of the magnetising force. 

THE EARTH INDUCTOR 

When a coil rotates in a magnetic field, there is induced in the 
coil an E.M.F. which is alteruatbuj in character (Curve I., Fig. 2G9). 
With a uniform rate of turning, the induced E.M.F. has its 
maximum value when the plane of the coil passes through the 
plane of the field, and is zero when the coil is in a position 
perpendicular to the plane of the lines of force. 

Methods of measuring the Induced Current.—An ordinary 
galvanometer connected to such a coii 
would give no deflection if the coil were 
rotated always in one direction unless a 
commutating device were fitted. An 
arrangement convenient for commutating 
the current produced by such a coil is to 
connect the terminals of the coil to two 
halves of a split cylinder of brass on an 
insulating cylinder mounted on the axle 
of the coil (Fig. 268). Against this, at opposite ends of a 
diameter, two springs press, the springs being fixed to the 



Fig. 208.—Coinmiitaior for 
Direct Current, 
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framcAvork supporting the axlo of the coil. As the coil rotates, 
these spiirigs make contact alternatc^ly with the two j)arts of 
the s^^lit cylinder, and ;ire therefore connected alternately to the 
two terminals of tlie coil, lly snitahly arranging the i)osition 
of these sj)rings or hru^lie.% the ]>osition of coniiiiutatfoii can he 
made to correspond with the position where the E.IVT.F. is zero, 
and thus a rectified or unidireciiojial current is sent through the 
external circuit (the a,pparatus connccte-d to the hrushes), and 
it is produced by the aUermifing li.]\r.E. generated in the coil 
(Curve II., Fig. 2G9). 


I 




Fio. 2(')9,—K.M.F., etc., due to Faitli Inchiott)r. 

This current, passing through a galvanometcn, would produce 
a deflection which would be practically constant, tlie deflection 
corresponding with the wean value of the current; the galvano¬ 
meter deflection does not follow the variations of cui-i’cnt, on 
iiccount of the inertia of the moving system ((hirve III., 
Fig. 269), 

In some cases no commutator is fitted to the coil, the ends 
of the coil being connected to ‘slip rings,^ from which the 
current is taken by a pair of brushes, Bg (Fig. 270). When 
this is the case the coil must bo used with a hot-wire milli- 
ammeter or millivoltmeter if rotated continuously, as it gives 
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alternating current. An alternative method is to use it with a 
ballistic galvanometer, the defiectioii of the galvanometer being 
observed when the coil is rotated suddenly 



through half a revolution. 


Starting when the 


coil is perpendicular to the field, it is turned 
rapidly through half a revolution, i.e. until it is 
again perj)eiidicular to the field but with its 
faces reversed, and the deflection of the galvano¬ 
meter produced by this motion is observed. 
This deflection is pro])ortional to the total 
number of lines cut by the coil, i.e. to the 
intensity of the field perpendicular to the face of the coil in 
the initial position. 


Fia. 270. — Sllp-rinfja 
for Alternating Cur¬ 
rent. 


Expt. 251. Determination of the Angle of Dip by Means 
of an Earth Inductor. — Assfwiiur/ the coil fitted with a 
commutator^ jdace the coil of the earth indiuTor so that 
its plane is vertically east and west when in ‘commutating 
position,' i.e, when the brushes are not in contact with cithtr 
side of the split cylinder. 'JTiis ensures that the current is 
commutated as it passes through its zero value. 

Connect the brushes to the terminals of a sensitive galvano¬ 
meter, placing m series with the galvanometer a large adjust¬ 
able resistance. A suspended-coil galvanometer is itjost suitable 
for this experiment, as the oscillations of the moving coil are 
destroyed very quickly, since it is short-circuited by the coil of 
the earth inductor and the series resistance. It is of no use 
2 vhatever to shunt the <:/alvanometer, unless a scides resistance is 
also used, as the E.M.F. induced is a fixed (quantity for a given 
field and speed, and the same current would flow through the 
galvanometer whether shunted or not, being driven by the same 
P.D. Rotate the coil at a speed which can be maintained 
steady for a little while, and adjust the resistance until the 
galvanometer deflection is about half the maximum deflection 
which can be measured : a convenient rate of revolution is 
from 60 to 80 turns per minute. Endeavour to maintain a 
steady speed while measuring the rate of revolution with the 
aid of a watch. Place the waxteh so that the seconds hand 
can be observed with ease while the coil is being rotated. 
Turn the coil at such a rate that the deflection given by the 
galvanometer is constant, then find the time required for 100 
revolutions. 
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With a little ]>racti(‘e quite eonsistoTit results can be obtaiueci. 
It is desirable that tlic student should ])ra(dise making tliese 
measurements as tliis ofrers a usidul opportunity for a(U|uir- 

ing facility in making several types of observations simultaneously. 

Having Ijeiamie aeenstoimHl to the method of carrying out 
the experiment, tlie following observations should be taken : 
(1) Find the time taken for 100 revolutions of the coil, and 
observe the mean deflection produced when the coil is rotating 



Fi<i, 271. - The Eartli In iuctor. 

about a vertical axis, and the commutator reverses as the plane 
of the coil is east and west. Let the time for 100 revolutions 
be and the deflection 8^, Three siqiarate determinations should 
be made of these ciuantitios. (ii) Turn the coil so that its axis 
is horizontal, and take a similar s(?t of obsiu* vat ions when the 
commutator rt‘V(u‘st*s as the coil passes through tlie horizontal 
position. If ii(‘ct^ssary, tiie direetiou of rotation of tlu‘ coil 
should be o])j>osite to that in tlie first case, so as to get the 
deflection in the same direction as before. The resistance of 
the circuit must not be altered at all. Lot the time for 100 
revolutions be and the deflection be Sg. 
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In any single exiicriment S is pro])ortional to the indnced 
current, and tlierefore to th(^ indiux'd KM.F., since the resistance 
is inaintained constant. TJie induced is proportional to 

^ ( Field strength ])erpendicular to) 
i \ coil in coinniutating ])osition J ’ 

where 7i is Ihe nuniher of revolutions in time t. 

Thus if 11 and V arc t]»c liorizonLd and vertical components of 
tlio earth’s field respectively, wc have 



100 

and 

11 

i ! 


V 

•v-o 

i.e. 

11 



From the observations made determine the ratio of the vertical 
and horizontal components of the earth’s field. TJiis ratio is 
the tangent of the angle rjf dip (/>, and hence tlie angle of dip c«an 
be found from the expression 

, V <u. 


As a check on this result the axis of rotation of the coil is 
placed in various positions in the magnetic meridian and the 
'coil rotated as ra 2 )idJy as possible- In one jiosition no deflec¬ 
tion of the galvanometer will be observed, however rapidly the 
coil is rotated. This means that the field per]>endicular to 
the plane of the coil in the commutiiting position is zero, i.e, 
that the axis of rotation lies along the angle of dip. Measure 
the inclination of the axis of rotation of the coil to the 
horizontal in this position, and compare it with the result 
obtained in the above experiment. 


Expt. 252. Estimation of the Relative Accuracy of this 
Type of Experiment. —If the coil be rotated so that its plane 
is })erpendicular to the angle of dip when in the commutating 
position, the field measunul when the coil is rotated will be 
the earth’s totid held. The deflection (S.j, obtained when the 
coil makes 100 revolutions in t.^ seconds in this position, will 

ki given by ,-w,n'P 

o.j,^ ~ iv 100 r, 


where T is the strength of earth’s total field. 
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Now +V^, 

therefore 3 )“ sliould l)e oijual to wliicli can 

be found from results already oldained. 

Find and and coinpare tlieir sum with the 

value of obtained m the ])resent ex[)eriment. '^flie 

closeness of their agrceriKuit may be taken as a measure of the 
relative accuracy of the experiment. 

Note. —If a lamp aii<l scale are used for ot.-u-rviiig the galvanometer 
dellcctioii, and tliu gal vanuinctn* is of tlic suspciidod-coil tyi)c, tlie deflection 
for II should he made about 20 cm. on the scale. Tiic oscillations of the gal- 
vanomet(;r coil will die down viuy lapidly, and there should be no ditliculty 
in obtaining the deilectioiis acciiraLcly to 2 imii. I>y taking three sets of 
determinal ions, the accuracy obtainabh; sbouid therefore he of the order of 
0*5 per cent in the, dcllcctions. The period for 100 turns should be accurate 
lo about one second in each case. ; and as t he time for 100 turns is about one 
minute, and three observations are imide, the error should not be greater 
than 1 per cent in any of tlic values of^. 

The possible error in any value of (5/)- should therefore not exceed S per 
cent with careful work, and hence the l.irgest error j>ossible in the equation 
«h<^u]d not he greater than 7 or 8 per cent. As the 
errors will prohably eliminate each other to some extent, the actual agree¬ 
ment will bo found pi-oba])ly to be within 2 per cent in most cases. 

Expt. 2f)3. Ballistic Method of experimenting with the 
Barth Inductor. —Similar ex]>erimcnts can be carried out 
with a ballistic galvanometer whetlu-*r the coil is titted with a 
commutator or not, tlie gahanometer being connected to the 
coil without aiiy additional re.sistanctq and the ballistic swing 
determined wdien the coil is rolatetl through half a revolution. 
The deflections of the galvanometer, 'when the coil is rotated 
through half a revolution, an‘ ]proportional to the strengths of 
the field perpendicular to the coil in the initial positions. 

Thus, starting with the coil piano vertically tnist and west, the 
first swing of the galvanometer being Aj, we have 

oc IL 

With the coil plane horizontal, the first swing of the galvanometei 
being A,,, w^e should lia'v e 

A. « V. 


Hence 
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If be tlic (leflectioTi when the roil plane is perperidieiilar to 
the aiighi of dip, Ave should Jind 

Ay“ = A^2 _j_ ^^2 a,p])roxiinatt‘ly. 

When the axis of the coil is along tlie lines of force, there will be 
no deflection on rotating the coil through half a revolution. 

§ 2. Electromagnetic Machines—Dynamos and Motors 

A dynamo, or a motor, consists of a coil or of a system of 
coils called the armature, so mounted that it can revolve in 
a magnetic field. In the dynamo, the armature is forced to 
rotate, and a current is taken from the machine, the current 
being jirodticed by the E.M.F. induced in the armature due to 
its motion in the field. In the motor, a current is supplied 
from an external source, and motion of the armature results 
from the force exerted by the magnetic field on the coils carry¬ 
ing the current. In direct-current machines the current is led 
into, or taken away from, the armature coils by means of brushes 
and a commutator, similar in princijile to that described under 
the earth inductor. 

THE DYNAMO (DIRECT CURRENT) 

The magnetic field in which the armature rotates may be 
produced either by ])ermanent magnets or by electromagnets. 

In the former case the dynan>o is 
known as a magneto-machine (Fig. 
272). In the latter case the dynamo 
itself is used generally to supply its 
own excitation current or field current, 
the current being taken from the 
armature round the field coils. The 

Fio. 272.~Magtieto-machine. • i i 

residual magnetism of the field 
magnets is sufficient to start the generation of current, and the 
induced current builds uy th^ magnetic field as the speed in¬ 
creases : the requisite energy is supplied by the driving power. 
If the whole of the current from the armature passes through 
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the field coils, the machine is said to be series-wound (Fig. 273). 
If the field coils are connected across the brushes so as to be in 
parallel with the externid circuit, it is called a shunt-wound 



Fk;. 273.~Sf)rlea Fk;. 274.—Shunt Fkj. 275. — Coir)i)Ound 

Winding. Wjnding. Winding. 


machine (Fig. 274). A combination of the two systems is used 
largely, and is known as compound-winding (Fig. 273); a 
compound-w'ound machine is designed to give a steady P.D. in 
the external circuit for widely different loads when the S 2 >eed 
is constant. 

For a given field strength the K.M.F. (E.) induced in the 
armature coils is proportional to the speed of revolution, but the 
r.I). between the brushes will not necessarily obey rpiite the 
same law. If different loads are throwui on the machine, i,e. if 
different amounts of current are taken from the machine, there 
will be a variation in the IM). between the brushes due to the 
resistance of the armature. If the resistance of the armature is 
R, and a current C flows through the armature, an amount Cli 
of the induced E.M.F. will be absorbed in driving the current 
through the armature coils, and the P.l). available at the brushes 
will only be 

V = K - CR. 

THE MOTOR 

Any machine which may be used as a dynamo can be 
employed as a motor by supplying current to it. Thus we have 
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series-wound, sliunt-wound, iiiid compound-wound motors as well 
as dynamos. 

The way in which the current in a motor varies is one of the 
most important points to deal with, and most of the phenomena 
associated with moHjrs may he considered in this connection. 

When the armature is rotating, it is a conductor cutting lines 
of force. There is tliereforc induce<l in it an E.M.F. (E.) propor¬ 
tional to tlie rate of revolution and to the field strength, and 
this E.M.F. is in opposition to the current which causes the 
motion, i.f, is opposed to the ap])lied P.D. (V). The current C 
flowing through the armature is given by the eipiation 


being driven by the excess of the applied P.I). over the back 
E.M.F. induced by the motion. 

Variation of Current with Speed. —With a constant field, E 
is proportional to the rate of revolution of tlie armature; hence, 
if the S}^eeil he dliniuklied^ E is dindnishcd and the current increases. 
Variation of Current with Load. —Wlicn a bigger load is put 
on the machine, i.e, when more mechanical work is done by it, 
the amount of energy supplied to the machine must be increased, 
i,e, C must increase if the P.I). of supply be constant. 

Variation of Speed with Load. —If the load be increased, C 
must increase as above; for this to be possible E must diminish 
according to the equation 



Hence, as the load increases, the speed of the motor will 
diminish provided the field strength is constant, but the 2 >ower 
or rate of working will be increased in consequence of the increase 
in C. This is not necessarily the case for compound-wound 
motors; in these the field coils are generally wound so that in¬ 
creased load causes a diminished field, and therefore E diminishes, 
the current increasing to the required amount without alteratior 
of speed. 



OH. VIII 


ELECTKOMAnXETIO MACHINES 


557 


Variation of Speed with Excitation for a Given Load.— 

For a given load, VO must ])c (approximately) constant, and 
hence the speed will adjust itself till the rc^piired current is 
flowing. If the strength of the field in which the armature rotates 
is increased, the induced E.M.F. will increase accordingly for a 
given speed. Thus, G will reacli its required value at a lower 
speed than before, and the motor will run slower for increased 
excitation. Reduced excitation will demand a higher vspeed 
before E readies the value which rcduceis C to its required magni¬ 
tude, and thus the motor runs faster for a given power when the 
excitation is reduced. 

EXPERIMENTS WITH A MAGNETO-DYNAMO 

Expt. 25 1 . Variation of the E.M.P. of a Magneto-dynamo 
with Speed. — Couple the armature shaft of a magneto- 
dynamo to tlie shaft of a variable sptied motor, and to a speed 
indicator, by fiexiblc springs. Connect across the liruslies of the 
dynamo a voltmeter of suitable range, and note the voltage 
indicated by the voltmeter at various speeds. Draw a curve 
showing the relation Ixitween E.M.F. and speed. Since the 
field is produced by a permanent magnet the cx(*itation is 
constant, and the E.M.F. of the niacliine should he exactly 
proportional to the sjieed. 

Exi’T. 255. Variation of the Terminal P.D. of a Magneto¬ 
dynamo with Load at Constant Speed. —Couple tiie machine 
with a motor and speed indicator as in Ex]>t. 254. Connect the 
brushes to an ammeter and a variable resistance in series, and 
also connect a voltmeter across the brusln^s. Run the machine 
at a constant sjieed, and adjust the variable resistance so 
that different currents are taken from tlie machine. Note 
corresponding readings of the ammeter and the voltmeter. 

Plot a curve showing the variation of terminal P.l). with 
load (current), and deduce the resistance of the armature. 

Note. —The value of the resistance obtained in this way is 
usually rather liiglier tiiaii the true value. The voltage drop across 
the terminals when the current is increased is not entirely due 
to internal resistance; the field is actually weakened by the 
field produced by the armature current, or, as it is called, by 
the ‘armature reaction.’ 

Other types of experiment will suggest themselves, and the 
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student is advised to consider for wliat 2 »urposes such a machine is 
specially suitable. 

A similar set of experiiuents might be ]>erformed with dynamos 
of other tyi)es, in which the held is produced by the current gene¬ 
rated in the dynamo itself. Sincui this excitation current will vary 
with the s})eed, and in the case of a .svc/cs-dynamo with tlie load 
also, the curves will not be the same as those obtained with a 
magneto-machine. 

EXPERIMENTS WITH A MAGNETO-MOTOR 

h]xPT. 256. Variation of the Speed of a Magneto-motor 
with its applied P.D. —Cou}>le tlie armature shaft to a sj)eed 
indicator. Connect in stnies witli the armature a variable re¬ 
sistance and a battery of cells, and a(a‘oss the terminals of the 
machine connect a voltiuet(‘r. Alba* the resistance in series with 
tire machine and note the readings of tbc voltmeter and the 
speed indicator. 

Plot a curve sliowing tlie relation between the speed and 
the P.D. applied between the brushes. 

Expt. 257. Variation of Power, Speed, and Load. 
EflB.ciency of a Magneto-motor.— Connect the motor to a 
battery of cells in seruxs with an ammeter and a resistance, 
and also connect a voltmeter across the terminals of the 
machine. Attach to the armature shaft a spet^d indiitator. 

Hy means of a brake - band operating on a large pulley 
attached to the armature shaft, similar to that described in the 
determinationof the mechanical ecjuivalent of heat by Callendar’s 
apparatus (p. 377 and Fig. 189), a])i)ly various loads to the 
motor. 

Take a large number of readings of corres])onding values of 
the current, terminal voltage, sliced, and braking force. 

The power supjdied to the motor is measured by the product 
of the current and voltage. If these are measured in am[>eres 
and volts, the power is given in watts or joules secxmd. The 
work done by the motor is given by the angular velocity multiplied 
by the frictional couple exerted by the brake. 

If the difference in tension between the ends of the brake-band 
is T - Tq dynes, and the number of revolutions per second is the 
work done per second is 

27rn , (T - T^^) R ergs, 

where R is the radius of the pulley round which the brake-band 
passes. This must be divided by 10^ to reduce the rate of working 
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to jouloH per second, and the efficiency of tlie motor can then bo 
calculated from the expression 

37rii ( T-T o)R 
® CVxlo^ • 

Find the variation of efiiciency with load at constant speed, 
and also lind the variation of efiiciency with speed at constant 
load. 

This latter variation can best be found by obtaining a 
series of curves for elHciency and load at difierent (constant.) 
s})eeds, and dedu<dng tlie variation of efiiciency with S2)eed at 
constant load from these curves. 

EXPERIMENT WITH A SHUNT-MOTOR 

Expt. 258. Variation of the Speed of a Shunt-motor with 
Field Strength. —Clonnect the armature of a shunt-motor in 
series with an ammeter and a variable n.^sistance across the 
terminals of a battery, and place in series with the tihurU coils 
a variable resistance and an ammeter. Connect a voltmeter 
across tlie armature bi'uslies. 

Couple tlie armature sliaft to a speed indicator and note the 
variations <jf speed of the motor as the shunt cuiTcnt is 
diminished. Note also the rcjading of the ammeter which is 
in series with the armature, when the resistance in .seri(\s with 
it is altered so as to keep the P.E. across the armature brushes 
constant. 

Note that as the shunt current dirmnishei^, the vSpeed 
{nrredses^ and tliat this increase in s})eed is also associated 
with aTi iitcrease of tlie armature current. 

Idot curves showing («) sp(‘ed variation with shunt current; 
(J>) armature current variation with shunt current. 

Note. —On no account must the shunt current be entirely 
cut off, otherwise the motor may accelerate to an unsafe 
speed and the armature may fly to pieces. 


T 



CHAPTER IX 


COMPARISON OF CAPACITIES 

Methods for the Comparison of Capacities 

The capacity of a condenser may be defined as the quantity oi 
electricity required to increase the potential difference between 
the conductors by unity. 

The capacity of a condenser is one farad when one coulomb 
of electricity is required to change the P.I). between the plates 
by one volt. One microfarad =10"® farad = 10"^® E.M.U, 
When two condensers are charged to the same potential, 
the quantities of electricity on the condensers are proportional 
to their capacities. If, therefore, we discharge two such con¬ 
densers separately through a ballistic galvanometer, observations 
of the first throws produced will enable us to compare the 
capacities of the two condensers, 

Expt. 259. Comparison of Capacities—Ballistic Gal¬ 
vanometer Method. —Connect a secondary cell to a condenser 
by means of a two-way key, so that in one position of the key 
the cell is connected to the terminals of the condenser. Con¬ 
nect a galvanometer to the condenser and key, so that in 
the other position of the key the galvanometer is connected 
across the condenser terminals and the cell is on open circuit. 
Special ‘condenser* keys or ‘discharging* keys are supplied 
for this purpose, but any quick-acting two-way switch will 
serve satisfactorily, provided it is insulated well. Sometimes 
two tapping keys are used. Make the connections as in Fig. 27 6. 

The sudden deflection produced when the key is switched 
quickly over from position I. to position II. should be observed. 
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The condenser is then removed, the second condenser heing 


put in its place, and 
the experiment re¬ 
peated. 

The ratio of the 
two deflections may bo 
taken as the ratio of 
the capacities of the 
two condensers, the 
deflections b<;ing pro¬ 
portional to the quan¬ 
tities of electricity dis¬ 
charged round tlie 
galvanometer, to with¬ 
in the limits of ac¬ 
curacy of experiment. 

It is important to change 
over the condensers as 
rapidly as possible, in order 
that there shall be little 



risk of the E.M.r. of the Km.of C 0 ..d«,n 8 .r. 

cell changing. For this 

reason two similar two-way keys may be used, or a double dis¬ 
charging key. The connections in this case would l>e as represented 



Fia. 277.—Comparison of Capacities. 


in Fig. 277. Only one key should be used at a time, the other key 
not being left in contact with either side if this be possible. 

It is frequently possible to facilitate the experimental manipula- 


562 


A TEXT-BOOK OF PRACTICAL PHYSICS 


PT. VI 


tion required in experiments on current electricity Ly the use of 
additional keys, etc., in this way. 

Expt. 260. Comparison of Capacities by Wheatstone’s 
Bridge Method. —'The capacities to be compared must be 


C 



connected with a pair of resistances, a galvanometer, a battery 
and a two-way key, as in Fig. 278. 

Adjust the resistances Itj and Rg until, on switching the 
two-way key across in either direction, there is no deflection of 
the galvanometer. Then 

C,^R, 

0, K,- 

For the absence of any deflection means that there is never any 
diflerence of potential between C and D, and no current ever 
flows through the galvanometer. If this is so, tlie condenser 
must be charged up entirely tiirough the resi.stance R^, and C 2 
entirely through R^, and they must reach their final potentials 
simultaneouslyc 

Now the rate at which the condensers are charged up through 
these respective resistances will be proportional to the reciprocals 
of the resistances, i.e, the charges and Qg gained in equal times 
will be proportional to 1/Ri and I/R 2 . But the condensers reach 
the same final potential together, hence and Qg are proportional 
to Cl and Cgi or— 
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C2 

If either condenser is charged up before the other, a little 
current will flow through tlie galvanometer towards the 
condenser wluch has not yet obtained its full charge, and hence 
if the resistances are not adjusted suitably there will be a slight 
deflection of the galvanometer one w.ay or the other. 

Note.- -This method, although a null method, does not ])ossess 
any gre^at sensitiveness. The only quantity of electricity which flows 
tlirongh tlie galvanometer is a small ])art of the difFeren<;e of the 
cliargcis on the condensers when one of them has acipiinMl its full 
charge. The charges themselves are in general not large, and 
would be insuflieient to cause more than a measurable deflection on 
the galvanoin(‘.t(.T-. 'Iflie deflection produced ]>y part of the small 
diflenmee Ix'twt'en the two (drarges, is therefore very small indexed, 
and the adjustment of the resistances can lx? varied usuall}' over a 
wi(h? range, without causing any appreciable deflection of the 
galvanouK^ter. The method is most sensitive if R, and Ih, are 
considorabhj and the galvanometrT is of low resistance, but it is 
unsatisfa(.?tory unless the condensers to be compared are large. 

Expt. 201. Comparison of Capacities — Method of 
Mixtures. — Connect up an 8-volt cell in sorii's with two 
large adjustable resistances (1000 to 10,000 ohms). Arrange 
the condensers to be com]>ared so that they can lirst be 
connected across these resistances, can then be disconnected, 
their charges mixed, and the residue discharged through a 
galvanoiiKiter. 

The method by which this is done is indicated in Fig. 279. 

When the double throw-over switch is ])Ut over so that A is 
connected to O and R to 1), the condensers and i\, are charged 
to potentials erpial to those between the ends of the resistances 
R^ and R.> respectively. 

If these are indicated by and the charges on the 

condensers will be and C 2 V 2 resj>ectively. 

On switching over so that A and R are connected to E 
and F resp(?ctively, tlie i>ositive charge on is mixed with the 
negative charge on Og through the wire PRQ, while the negative 
charge on is mixed witli the jrositivc on Cg through the switch. 
The pairs of plates are connected simultaneously together through 
the galvanometer, and any residual charge after mixing is dis- 
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charged through the galvanometer. By suitably adjusting and 
li.y the residual charge caii be reduced to zero, and no deflectioD 
will be produced in the galvanometer. 

When this is the case, 

(^ V = V 

V 1 V J — v_'2 * 2» 

but Yj and are ])roportional to R^ and R 2 . 


Thus 


or 


C,R, = aR2, 

Ci^R, 

c^-r;- 


This method being a null method is preferable to the method 



Fio. 279,—Method of Mixture. 

using a ballistic galvanometer (Expt. 259). It is also much more 
sensitive than the Wheatstone’s Bridge method, and can be used 
for quite small capacities. 

A high-resistance galvanometer of great sensitiveness is the most 
suitable type of galvanometer to use for this experiment. 



CHAPTEE X 

NOTES ON ELECTRICAL APPARATUS 


§ 1. Tangent Galvanometers 

Single Coil Tangent Galvanometer. — The simple type of 
tangent galvanometer has already been described on p. 459. 
It consists of a vertical coil of wire placed with its axis east 
and west, carrying at the centre of the coil a magnetometer 
box for measuring the intensity of the field due to the current 
C in the coil. 

If F be the strength of the field at the centre of the coil. 

r 

where n = the number of turns in tlie coil, 

and r = tho radius of the coil. 


If the needle be deflected through an angle from the 
meridian, we have also F = H tan 0. 


Hence 


2TrnC 

r 


= H tan 


0 . 


or 


^ rH tan $ 

27r?l 


The simple type of tangent galvanometer is usually con¬ 
structed with one, two, or three coils, all wound on the same 
framework. These coils have different numbers of turns, and 
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slightly different radii.By use of one or other of these coils 
the galvanometer may bo made of different sensitivity, so that 
it is suitable for measuring currents of two or three different 
orders of magnitude. 

Thus if the three coils have respectively 1, 10, and 100 
turns and a current of 1 ampere gives a deHection of 45'’ when 
flowing in the single turn, that coil will be suitable for use in 
the measurement of currents from about 0-3 to 3 amperes. The 
coil with ten turns could be used conveniently for currents 
ranging from 0-03 to 0-3 ampere. This smaller current circulates 
ten times and therefore produces the same effect as a current 
of ten times its magnitude, flowing in the single turn. In the 
same way the coil with 100 turns would be suitable for the 
measurement of currents from 0 003 to 0*03 ampere. 

General Case. —When the galvanometer is not of this sim])le 
typo, the equation for the current can be written in the form 

C = tan 

(-T 

an equation which holds good for all types of suspended needle 
galvanometers, however constructed, provided the needle is 
parallel to the plane of the coil when in its mean position. In 
this expression H is the strength of field acting on the needle 
duo to any control magnet and the earth, while G is the 
strength of field due to the coil when unit current passes 
through the coil. 

The Helmholtz Galvanometer. —A special type of tangent 
galvanometer was devised by the eminent physicist von 
Helmholtz. In this instrument there are ^wo coils so arranged 
that their distance apart is equal to the radius of cither coil. 

The magnetometer box is placed midway between the two 
coils. The axis of the coils is placed east and west. The 
instrument is used in exactly the same way as the simple type 

' If the number of turns cannot be counted, and the diameter of the coil 
cannot Iks measured, these quantities are, or should be, marked on the base 
of the instrument by the maker. 
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of tangent galvanometer, but tlie magnetic field in which the 
needle moves is more uniform. 

The galvanometer constant (1, occurring in the equation 

C = — tan 0, 

I.T 

is given by 8-99N/r for C in absolute units, N being the numbei 
of turns in one coil, and r tlie radius of the coiL 



Fio. 280.—Ilelmholtz Galvanometer. 


The magnetic force at a point on the axis of a circular coil 

of radius r, at a distance x from the centre, is F = In 

(r** -f 


this galvanometer x ~ Jr, and two coils are used. From this the 
above value of G can be deduced. 


t2 
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ABSOLUTE MEASUREMENT OF CURRENT 

The ahsolN'U value of tlio current C corresjmiidiiig with any 
deflection 0 of a gal\'anometer needle, can be found from the 
equation 

IT 

C = tan e, 

(t 

provided the quantity G can be calculated from the dimensions 
and arrangement of the galvanometer coil or coils. If, however, 
the number of turns in the coil be large, their position cannot 
be determined accurately, nor can their effect on the needle 
be calculated exactly. 

To obtain a sensitive type of galvanometer, the number of 
turns has to be made so large that accurate calculation of G is 
no longer feasible. 

It is possible to use sensitive ty^pes of galvanometers for the 
absolute measure of currents of very small magnitude, but a 
description of the methods of doing so is beyond our scope. 

There is no upper limit to the currents for which a tangent 
galvanometer can be made suitable. The sensitivity of a single¬ 
turn galvanometer can be reduced, either by increasing the 
radius of the coil, or by using the magnetometer box displaced 
along the axis. In either Ciise there is a quite accurate ex¬ 
pression obtainable for the field at the centre, and hence very 
large currents could be measured with a tangent galvanometer 
of suitable construction. 

§ 2. Sensitive Types of Suspended Needle Galvanometers 

SENSITIVITY OF A GALVANOMETER OF THE SUSPENDED 
NEEDLE TYPE 

The sensitivity of a galvanometer may be expressed as the 
relation between its deflection and the current. If 0/G be large, 
the galvanometer gives a considerable deflection 0 for a small 
current C. 

Now C is proportional to tan 9 in all forms of suspended 
needle galvanometer, provided the needle lies in the plane of 



CH X 


KOTES ON ELECTRICAL APPARATUS 


569 


tlio coil when no current is flowing. Hence OjQ is not 
(tons taut 

We may, however, take tan O/V as a measure of tlie sensitive¬ 
ness of the galvanometer, approximately, for svmll defiedions j or 

Sensitivity - . 

If we wish to increase the sensitivity of the galvanometer, 
we must therefore increase the ratio of G to II or increase the 
effect of the held G in some way which does not increase the 
efiect of H, or else diminish the effect of II without altering the 
effect of G. The methods of increasing the sensitivity may 
be grouped under the following heads :— 

1 . Use of an astatic combination for the galvanometer needle. 

2 . Increase in the actual value of G. 

3. Decrease in the value of the controlling field II. 

The Principle of the Astatic Combination.—An astatic 
galvanomettn; has a compound magnetic system suspended in place 
of the sim])le needle used in the 
tangent gal vaiiometer. In its 

simplest form the suspended 
system consists of two light 
needles fitted in a rigid frame¬ 
work with their magnetic axes 
in oj)})osite directions. 

The two iK^edles are magnet¬ 
ised almost e(pially and are 
mounted one vmide the coil and 
the other ouUide, 

Effect of the Controlling 
bination.—If the magnetic moments of the needles Ixi M, and 
the efiect of the controlling field is proportional to H (M^ — M,,), 
since the controlling field is practically uniform, and the needles 
are magnetically opposed. 

Effect of the Field due to the Current on an Astatic 
Combination.—By placing the needles one inside and the other 
outside the coils, they are in two parts of the coil field which are in 
oj')po8ite directions, and as the needles are also opposed the couples 
exerted on the two needles are in the same seiise. The total 
couple exerted on the needle by the field of the coil is conscc|uently 



Fkj. 281.—AsUitie System of Needles. 

Field on an Astatic Com- 
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proportional to G (M^ + M.,) very rouglil}^ the a]>proximation Being 
only very rough bec^ause the strength of tlie field outside tlie coil 
acting on the needle ]\Io is not nearly equal to G the strength of 
the field inside the coil. 

The sensitivity c)f an instrument of this tyjK^ is thus greater tluin 
that of a single needle instrument with similar coils, by a factor 

(roughly), so that with nearly e(|ual needles an astatic 

— Mg 

galvanometer may be extremely sensitive. 

If Mj and are too elost^ly ecjual, the instrument becomes 
unstable, and therefore care must be Liken to avoid this. 

An instrument using a needle of this typo is not ahmlute on 

account of the unknown value of It cannot be relied 

VMj - M,/ 

upon to give consistent deflections for the same current from day 
to day, as a slight change in or Mo has a large effect on the 
denominator of this factor, iind consequently on the sensitiveness. 

The Control Magnet.—Freciuently a control magnet is fitted 
above the coil of a galvanometer; the height of the magnet above 
the coil can be adjusted, and the magnet can also be rotated about 
a vertical axis. 

The needle of the galvanometer is then under a resultant field 
H, due to the field of this magnet and the field of the earth 
combined. The value of H is thus adjustable over a wide range. 
For great sensitivity the magnet is adjusted until its field almost 
completely overcomes the earth’s field. If, on the other hand, the 
galvanometer is required to be insensitive, as when determining its 
resistance by Thomson’s method, the magnet is brought down close 
to the needle ai.d its field arranged so as to assist the earth’s field, 
H then being very great. A weak control field causes a very slow 
swing of the needle, a stronger field causing a correspondingly quicker 
swing, hence for great sensitivenejss the magnet must l)e adjusted to 
give a very slow swing to the needle; the sensitiveness is proportional 
to the square of the period of swing. 

A great advantage of the use of the control magnet is that the 
controlling field can be directed as desired, by turning the control 
magnet, or any permanent deflection due to a steady current can be 
corrected by rotation of the magnet. 

Method of obtaining* an Increase in the Q-alvanometer 
Constant Q-. —To increase the field due to unit current it is neces¬ 
sary to use a coil of small radius r and with a large number of turns n. 
These requirements are to a certain extent antagonistic, the radius of 
the outside turns increases as the number of turns is increased, and 
there is a limit to the extent to which n may be usefully increased. 
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SIMPLE TYPE OF ASTATIC GALVANOMETER 

In tlie siinplo, type of astatic galvanoint^tcr the coils are wound 
flat so that fairly Jong needles can he used ; the flattening of the 
coil is equivalent to a reduc‘tion of the radius and makes for in¬ 
creased sensitiveness; although if the coil is flattened, Cl cannot 
t)e calculated. 

This type of galvanometer is used chiefly to deteci ziiinute 
currents in rough ex[)eriments with Wheatstone’s Bridge. 

A useful (exercise is to calibrate a galvanometer of this tyja^ 
using a 2-volt cell and a resistance box adjustable to 10,000 ohms. 
Calculate the current, assuming the cell to give 2 volts, and plot 
curves giving the variation of C with 0 and of C with tan 6. 

By combining an Astatic Magnetic System with a control 
magnet, galvanometers of great sensitiveness can be made. 
Sometimes the two parts of the Astatic >System arc placcal in 
separate coils one above the other, wound oppositely so as to 
give couples in the same sense acting on each of the needles. 

The Figure of Merit of a galvanomo.tor is usually dotenriined h}’^ the 
current in aniperes re(]uircd to give a deflection of 1 nun. on a scale at a dis¬ 
tance of 1 metre, wheii a lamp and scale method is used for measuring the 
defli'ction. 

HIGH AND LOW RESISTANCE GALVANOMETERS 

A galvanometer may be made with a large constant G, by the use 
of fine wire in winding tJie coils. This entails great resisUrnce, 
but that is no disadvantage for work where a definite quantity of 
electricity has to be measured by discharging it round the galvano¬ 
meter. Thus if a condenser is charged and tlie charge has to be 
measured, the whole chaige will pass round the coil of the galvano¬ 
meter however large its resistance. 

On the other hand, in testing for balance in using a Wheatstone’s 
Bridge, the adjustment has to be made until two })oints are at the 
iMimv potentialj and a galvanometer must be used which will detect 
the smallest jmtential difference possible. lii such a case, the 
current flowing through a high-resistance galvanometer wovdd be 
much smaller than that through a low-resistance galvanometer for 
the same P.D. In the case of tlie high-resistance galvanometer, the 
current would be small but would pass through a large number of 
turns. With the low-resistance galvanometer a much larger current 
would pass, but through a smaller number of turns. Usually, the 
galvanometers being similar in design, a smaller deflection would be 
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obtained with the high than with the low resistance galvanomettT in 
a case of tills type, and hence for (h^t-ectlTig small iXitential diObrences 
a low-resistance galvanometer sliuuld ho iiscmI. 

This may ho summed up hy saying tliat a high-resistance 
galvanometer is extremely current sensitive^ while a low-rosistance 

galvanometer has a great poieniial 
sensitiveness. High-resistance gal¬ 
vanometers are used for the measure¬ 
ment of relativtdy large potential 
differences and for the detection of 
minute currents. Low-resistance 
galvanometers are used for the 
measurement of relatively large 
currents and for detecting small 
potential differences. 

BALLISTIC GALVANOMETERS 

AVhen the duration of the cur¬ 
rent is extremely short, the quiuitity 
of electricity passing through the 
coil of the galvanometer may be 
measured by observing the throw, 
or first swing, of the needle, jiro- 
videtl the time which the current 
lasts is small compared with the 
time of swing of the needle and 
provided the damping is slight. 
A galvanometer of this type is 
termed a ballistic gralvanometer, 

§ 3. SuSPENDF.D-CoiL GALVANOMETERS 

A suspended needle galvanometer possesses the great dis¬ 
advantage that it is susceptible to any variation in the external 
magnetic field. By use of a suspended coil galvanometer, this 
difficulty is got over entirely ; this type of galvanometer also 



Fig. 2S2.—St!ll8iti^•e Galvanometer. 
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possesses the advantage that it can he set ii]) facing in any 
direction desired. 

If a wire of length Z, carrying a current C absolute units, bo 
])laced perpendicular to a field of intensity Jl, the wire experiene(\s 
a force of HC^ dynes, the direction of the force being j)erj>endicular 
to the wire and to the magnetic field. 

If a rectangular coil be placed so that tlie plane of the coil 



Flo. 283.—Suspended-Coil Galviuiometer. 


lies in the direction of the field H, a current C flowing through 
the coil will cause a couple of to act on the coil, d being 

the breadth of the coil, I its length, and n the number of turns 
in the coil. 

For a coil of any shape the couple is HCwA, where A is the 
area of the face of the coil. 

In a suspended-coil galvanometer, the coil, supported by a 
fine strip of phosphor-bronze, is suspended between the poles of 
a very powerful magnet (Fig. 283). The current is led into 
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the coil by the suspending fibre and leaves by a loosely wound 
helix attached to the base of the coil. 

Any motion of the coil due to the couple IIC//A is opposed 
by a resisting couple exerted by the suspension. 

When the coil is detlocted through an angle, the couple 
acting on the coil, if the field is uniform, is 1IC// A cos 6^, due to 
the magnetic field, and the restoring couple is KO^ due to the 
suspension, K being the torsion coefficient of the suspending 
fibre. The coil comes to rest when HCaA cos 6 - K^?, 

K i9 ^ 

H//xl cos O' 


Far sauill deflexiions cos 0 may be taken as unity, and the 

. 0 IT?iA 

sensitiveness is expressed ~ - 


Hence for sensitiveness we require a coil of large area, and of 
many turns, hanging in a very strong field H, and suspended 
by a fibre whose restoring couple for unit twist K is very small. 


In some forms a bifilar sus}>ension is used, the current entering 
and leaving by the two suspending fibres; this type is not very 
common. 


Method adopted in Suspended-Coil Galvanometers to make 
the Deflection proportional to the Current. —The factor cos By 
which occurs in the expression for C in the case of a suspended- 
coil galvanometer with a uniform field, can be got rid of in 
a simple way. 

The pole-pieces of the magnet are ground concave so as to 
form portions of a cylinder. Between them there is a cylindrical 
soft-iron core, its axis being coincident with the cylindrical 
surfaces of the poles. In the annular space between the core and 
the pole-pieces, the field is very nearly radialy and may be con¬ 
sidered as radially symmetrical over a considerable angle on either 
side of the mean line. In this annular space tl)e coil moves, 
and the field is in the same plane as the face of the coil in all 
positions, provided tlie coil is not displaced more than 30*^ from 
the position where it lies symmetrically across from one pole to 
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the other. The strength of the field is uniform over the range, 
and therefore the (M)il is subjected to a couple liCy/A -when 
carrying a current (', irrespective of its jiosition. 

If it is deflected hy the current through an angle 0 from its 
zero position (which may he anywhere in this range), the deflection 
will be given by 

IICaA - K6», 


i.e. 


C 


KO 

HnA 


‘Dead-beat* Type of Q-alvanometer.—If the coil is wound 
on a light, conducting frame, or is enclosed in a conducting tube whicih 
moves with the coil, the motion of the coil is impeded by currents 
induced in the frame or tube due to its motion ac-i'oss the lines of force. 

A galvanometer of this tyjie moves up to the deflection 6 
corres|KHiding with the current in the coil, and conus to rest at 
once. The defli;ction 0 is not aflected by the induced currents, as 
they have a zero value as soon as the iiuflion ceases. 

Method of ‘ damping’ * the Oscillations of a Suspended- 
Ooil Galvanometer.—If the coil is not mounted on a conducting 
frame, its oscillations can he reduced by ‘shortcircuiting’ the galvano¬ 
meter, when it is recpiired at rest in its zero })osition. Tliis is deme 
by connecting the txTiiiinals to a tapping key; the key is left open 
during any exjieriment, hnt wlien the galvanometer is to he brought to 
rest the tai>ping key is dejiressed. The in the coil due to 

its motion across tlu^ field (ran then send an induced current througli 
the coil, this current op])oses the motion and the coil comes to rest 
immediately. 'Tlie key should only he pressed as the coil is almost 
in its mean position, otherwise the motion towards the mean position 
will be very slow and time will be wasted. The coil must he at rest 
with the ta])])iug key open before the next deflection is taken. 

In using a P.O. Box it is sufficient usually to de])ress tlie galvano¬ 
meter key alone, no auxiliary tapping key being required. 


§ 4. Ammeters and Voltmeters 

AMMETERS 

An ammeter is a galvanometer graduated in such a way that 
the current flowing through it can he read off at once in amperes, 
or fractions of an ampere, by means of a pointer moving over a 
divided scale. 
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For large currents a shunt is incorporated in the instrument, 
so that only a fraction of the total current passes through the 
galvanometer coil, the shunt being adjusted until currents of the 
required value give a suitable deflection of the pointer. For a 
multiple-range ammeter several shunts are j)rovided, so that 
different fractions of the current flow through the coil. 

The following example illustrates the method of calculating 
the shunt required to convert any kind of galvanometer of a 
given sensitiveness, into an ammeter reading over a certain 
range :— 

Suppose a current of 0-0002 ampere through the galvanometer coil gives 
the fuU deflection on a given instrument, the coil having a rcsistaiico of 
15 ohms. If it is required to use this as an ammeter reading to 5 amperes 
a shunt S must be provided, so that 'when a total current of 5 amiieres is 
flowing, the eurrent in the coil is 0*0002 ampere ; tlie mstriuneiit then 
giving its full deflection for a total current of 5 amperes. 

The value of S can he worked out as follows :— 

Current tlirough Coil _ R(\sistanco of Shunt 

Total Current Hesistanco of Shunt -h Kesistanee or 

^0002^ _S 
'6 S-f-iO* 

0*003 
4*998’ 

or S = 0*0006 ohm approximately. 

In a similar way the magnitude of the shunt re(piircd for any range of 
current can be calculated. 

The shunt is usually calculated aj)[)roximately, and then is adjusted after 
fitting^ till the ammeter reads correctly when a known current is sent 
through it. 

Attracted-Iron Ammeters. — For rough work attracted-iron 
ammeters are largely used. The current flows round a coil and 
attracts a piece of iron with a force depending on the current flowing. 
The iron is attached to a })oiiiter which is moved over a scale as the 
iron moves, the moving system being pivoted on deU(;ate steel pivots. 
The motion is controlled by a balance weight and a hair-spring, so 
that the pointer always takes up the same position for a given 
current, returning to zero when the current is switched off. The 
scale of such an instrument is very uneven and must be graduated 
empirically, ^.e. by sending known currents through the instrument, 
and marking the position of the pointer to correspond. 


i.e. 

This gives 
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Attractcd-iron airiiiietcrf} may 1x3 nscxl for alternating current as 
well as direct, if a tliin ])iece of V(!ry soft iron is used. 

Hot-wire Ammeters.—In tliis tyjK*. of ammeter the current, or 
a fraction of the current, flows through a thin wire stretched 
l>etw(‘en two fixed supports. The wii-e, being heated, expands. 
Another wire is attixched to the middle of the heated wdre and 
passes round a thin spindle on which the ])ointer is mounted, the 
H])indle being rotated by a hair-spring so as to keep this second wire 
taut. 

When the hot wire expands, its middle point is pulhnl sideways 
by the second wire, until all the sag of the hot wire is taken up 
The rotation of the spindle turns the i)ointer through a correspond 
ing angle, and thus the motion is recorde<l on a scale. 

Hot-wire ammeters may be used for either alternating or direct 
current. The scale is not at all uniform, being much more ‘open’ 
for largo currents than for small. 

Moving-coil Ammeters. —Amoving-coil ammeter is constructed 
exactly like a suspended-coil galvanometer except for the mode 



Fia. 2S4.—Moving-coil Ammeter, 

of suspension. The coil is usually mounted on pivots, and its 
motion is controlled by one or two hair-springs, which also 
servo to conduct the current up to and away from the coil. 

By the use of concave pole jueces and a coaxial cylindrical 
iron core the defbectioiis are made proportional to the current, 
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SO that the scale is pivictically uniform, the coil being allowed to 
move only over the region where the field is radial. A suspended- 
coil ammeter must be connected so that the current always goes 
through it in the proper direction ; it is only suitable for use with 
direct current. 

The requisites of a good ammeter are (1) aciairacy and (2) low 
resistance. An ammeter must have a low resistance so that it 
may be inserted iii a circuit through wliich a current is flijwing 
and yet not alter the value of the current in the circuit, ?>. it 
must iKjt introduce any additional resistance into the circuit. 

VOLTMETERS 

A voltmeter is used to indicate the dillerencc of potential 
betw’oen the two ])oints across which it is connected. It should 
take no current wliatever, othei'wise the IM>. between these two 
points may be changed when the voltmeter is connected across 
them. 

This condition is only satisfied in Electrostatic A^oltmeters, 
the usual tyjie of voltmeter being a high-resistance galvanometer 
wliich only approximates to this iileal: ^oe ahvtuf,^ a^su/ae that the 
curreiii in the voltvieier is a lunjligihle (jnanfifg. The higher the 
resistance of the voltmeter, tlic more accurately will it indicate 
the IM). oriffinallg e.risting between the points to which it is 
connected (see example on p. 579). 

Any type of galvanometer suitable for use as an ammeter 
can be adapted for use as a voltmeter. The difiercnce in the 
construction is, that whereas the galvanometer is shunted with 
a verg luw resistance to make it into an ammeter^ it has a very high 
resistance in series with it when required for use as a voltmeter. 

Moving-coil Voltmeter.—The usual tyjie of voltmeter is a 
susjiended-coil galvanometer similar to the galvanometer part of 
the moving-coil ammeter already described. In series with it is 
a coil whose resistance for a given range can be calculated as 
follows : — 

Suppose the moving-coil galvanomotor gives its full deflection for a 
current of 0*0002 ampere as assumed before (p. 576), and that its re* 
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sistaiioe iw 15 ohms. Tliis can ]>o made into a voltmeter reading np to 5 
volts liy including in the instrument a resistanee U in series willi the coil, R 
being so adjusted that a current of 0-0002 ampere goes through tlie coil 
when the P. D. across the terminals of tlie instrument is 5 volts. Evidently 
R is given by the ertuation 

'Lc. R = 24985 olims. 

If a resistance of this magnitude is eonnecled in serit^s willi the moving- 
coil galvanometer, the \vhoh‘ woidd b(* a voltmeter of range 0 to 5 volts. 

The value of the resistance required for any other range could be calculated 
in a similar way. 

A iiioving-cojl vollnieUii* is suituldc only for use with direct 
current. 

Hot-wiro voltmeters can he constructed in a similar way, the 
moving sj^stem being identical with that of a hot-wire ammeter. 

It is of great importance to note that, assuming the 
graduations to be accurate, the voltmeter reading is the 
P.D. between its own terminals. 


The Effect of the Finite Resistance of the Voltmeter. —This i.s illustrated 
in the following examjde - 

A ctdl of E.M.F. 2 volts has an internal resistance 20 ohms. Its ]>oles are 
connected to a voltmeter. What will be the voltmeter reading if the volt¬ 
meter resistance is (u) 20, (?/) 200, (c) 2000 ohms. 

If E i.s tno E.M.F. of tlie cell and Y the P. I), acro.ss tlm voltmeter terminals, 
wc have 


wliere K is the external resistance and It the internal resistance. 
In this case K is the voltmeter resistance. 


(a) 

( 4 ) 

(c) 


V = 2^°°^ = l-98 volts. 
2020 


These quantities are tlie voltages which w'ould he registered l)y the 
various voltmeters, tlie errors being 50 per cent, 10 per cent, and 1 per cent 
ill the three cases. 

With a voltmeter of higher resistance still, the error w^ould he correspond 
ingly reduced. 
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"W^ith a cell of lower resistance, tlio accuracy would also bo gi'eater. 

Cheap voltmeters usually have fairly low resistance, and can only be 
relied on when the resistances of the conductors between the points tx) 
which they are connected, are extremely low. 


§ 5. Commutators 

A commutator is an arrangement for reversing the direction in 
which the current Hf)ws tlirough a particular piece of apparatus 
(usually a galvanometer) without disconnecting any wires. A com¬ 
mutator must possess at least four terminals. Of these two must 
be connected to the apj)aratus in which it is desired to reverse the 
current, and the other two to the source of current. The only 
difficulty is to decide which two are to form a pair. Commutators 




Fio. 285.—rarallel and Diagonal Tj'pe Commutators. 


may be divided into two types, (1) the parallel type and (2) the 
diagonal type (Tig. 285). 

In the parallel type tlie battery terminals, P and jST, are in a 
line parallel to the line joining the apparatus terminals. In tlie 
diagonal ty[>e the battery terminals arc diagonally opposite one 
another. The connections in the first i)ositioii are shown by 
continuous lines, and the connections in the second position by 
dotted lines. In the first position the terminal Gj becomes positive, 
Gg negative; in the second position Gg l:>ecomes positive, Gj 
negative. The student should notice that in the first type there 
is a diagonal connection (PG 2 , NG^), in the second type there is no 
diagonal connection. 

The method of connecting up any commutator can be worked 
out in the following way :— 

Choose one terminal of the commutator and label it P. Note 
the terminal connected with it in one position of the moving part 
of the commutator; call this terminal G^. Then “reverse*’ the 
commutator by moving over the switch arm. The terminal to 
which P is now connected is labelled Gg. 

Now find a terminal to which Gg is connected when P is in the 
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first position, and call this N ; it will generally bo found that when 
P is connected to N is connected to G^ at the Siiine time. 
P and N are used as the battery terminals and Gj and Gg are the 
galvanometer terminals of the commutator. 

If only four terminals arc fitted, N must obviously be the 
remaining terminal after P, G^, and G 2 have been decided on. 

If it sliould happen that N is not connected with G., when P is 
connected with Gj, and vice versa, it is 
evident that the wrong terminal has been 
chosen for P, and the investigation must 
be recommenced, choosing another terminal 
as P. This will occur only very rarely, tlie 
pairs Gj and and P and N being alwTiys 
interchangeable. 

'Jdiis method is not applicable to a plug 
commutator. 

Various forms of commutator are illus 
trated in Figs. 286-2S1). 

Fig. 280 is a convenient form w^hich 
appears to b(; peculiar to the Wheatstone 
laboratory. The cxmtral disk, which can ho 
rotated about a vertical axis, carries two 
metal strips which make contact w’ith the four metal studs. 

Fig, 287 is a double plug switch belonging to the diagonal 


Qp 

\ 

nQ 

1 

\ 

\ / 


! \ 

i 

1 

6g, 

1 

g.6 


Fiu. 280.—Wheatstone 
Coinniutator. 



Fio. 2S7.—Double Plug Switch. 

type, and the battery must be connected to terminals which are 
diagonally opi>osite one another. The plugs must never be inserted 
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in adjacent lioles, Init always in holes which are diagonally o])posite 
one another. 

Fig. 28S shows a useful type of eominutator l>y K. W. Ihul, in 
which it is merely necessary to push the rod, All, along its axis in 



Ki(i. ‘JSvS.—Pawl's Commutator. (U. W. I’aul k Co.) 

order to reverse tlu? current. The sliding har carries two insulated 
metal plates C, wliicli make contact with the hrushes on 0 ])posite 
sides of the switch. The bar has three positions, tin? central 
}K>sition corresponding with ojuai circuit. As the brushes are highly 
laminated the contact resistance is extremely low. 

In the foregoing diagrams the ‘ batteiy terminals ^ are marked P 
and N, the ‘galvanometer terminals ^ Inniig (1^ and Tlie student 

must verify thesii indications in each case, aiid should draw a 
diagram showing the way in which the current hows in each position 
of the moving system. 



Fit;. 289.—Pohl’s Commutator. 


Fig. 289 is known as Pohl’s commutator. A and B are the 
battery terminals. The apparatus in which the current is to be 
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reversed is cmiriectod eitlior to C and D, or to K and F. The 
rocking ])art S dips into inercuiy cups. Tliis form is not recom¬ 
mended for an elementary laLoratory. 

A rocking commutator of the l\)hl tyf>e can he constructed with¬ 
out mercury cu])s if Ri)ring contacts are fitted at the two ends and 
hinge contacts at the middle. 

g 6. Keys and Switc^hes 

Plug' Key.—This form is convenient for making a good con¬ 
nection of low resistam^e whe^-ii a current has to he maintained 
for a consideralde time. 

Tapping Key.—In this key contact is made only when the 
sjjring is dei)ressed, tlie spring automatically hreakijig contact 



Fio. 200.—Tapping Key. 

when the pressure is removed. It is convenient for use whenever 
a current is only reijuircd momentarily, as in damping the oscilla¬ 
tions of a suspended-coil galvanometer. 

Two-way Switch.—This is a convenient form of switch when 



Fkj. 291.—Two-way Switch. 

It is necessary to change a connection rapidly from one piece ol 
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apparatus to another, as in the case of the Potentiometer (Fig. 237). 
A hinged arm can be turned so as to make contact with one or other 
of two metal studs. One terminal is connected to the hinge, and 
one to each of the studs. 

Double Pole Throw-over Switch.—This is a useful typo of 



Fig. 292.—Double Pole Throw-ovoi Switch. 


switch provided with six terminals, and its construction may be 
understood at once from the diagrams. In the position shown in 

oA__ oE 

Wrtgc r 1 

J L-.r; 

I [•'•■iJ 

~t>B Op, 

Fig. 293.—Double Pole Throw-over Switclu 

full line in Fig. 293 the connections are from A to C, and T> to D. 
In the other i>osition, A and K are connected, and B and F. 

A Pohl commutator l)ecomes a switch of this tyi>e if the cross 
connections from D to E and C to F are removed (Fig. 289). 

§ 7. Resistances and Rheostats 

The simplest form of resistance for laboratory use is a length 
of bare platinoid or manganin wire. For resistances up to about 
1 ohm a length of about 1 metre of wire (No. 22, S.W.O.) serves 
as an adjustable resistance by fixing one end to a point in the 
circuit and sliding the free part of the wire under a binding screw 
till the required resistance is obtained. 

Kesistanoe Ooils.—Bobbins provided with terminals to which 
are attached the ends of a coil of silk-covered resistance wire 
are useful both as known and as unknown resistances. Standard 
coils are constructed as in Expt. 238, Fig. 254. 
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Resistance Boxes.—An ordinary resifttance box consists of 
a number of coils constructed to have resistances which are exact 
multi} )les and sub-multi})les of one olim. These are wound on 
small bobbins so as to have as little self-induction as possible 
(see Ex 2 )t. 238, Fig. 254), and arc thoroughly soaked in paraffin 
wax. 

They are enclosed in a box, usually with an ebonite top, the 
ends of the coils being brought through the ebonite and connected 
to thi(;k brass blocks wdiich are mounted on the top of the vulcanite. 

Between the bhjcks of brass, stout brass plugs can be fitted as 



shown in Fig. 294, the plugs being ground so that they fit half into 
each block, a connection of extremely low resistance being thereby 
made between the brass blocks. 

If the plug a is removed, the current must flow through the 
resistance coil, the ends of wffiich are attached to A and B, in order 
to })ass from one block to the other. When the plug is inserted, 
the resistance ofiered to the passage of the current is negligible. 
Thus, in using a resistance box, the total resii^tance intro(luce<{ in 
tJie circuit hy the box u eqiuxl to the su?)i of the resistances indicated 
at the side of the holes from which the qdxiys have been removed. 

In using a resistance box, care must be taken to insert and 
remove the plugs with a slight screwing motion in addition to the 
pressure or i)ull required to insert or remove the plug. The plug 
should always be screwed in a rightr-handed direction even when 
removing it, otherwise the plug head may be screwed off without 
removing the plug from the hole. Whenever the plug is removed 
from between two blocks of the resistance box, the plugs on either 
side should be pressed firmly into their holes again, as the blocks 
will have ‘ sprung' slightly towards the vacant hole and the plugs 
on either side will be loosened. 

Resistance boxes must never be used for heavy currents, as the 
coils would be overheated and the box ‘ burnt out.^ A box should 
never be used by a student in conjunction with a secondary cell 
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unless permission has been rcc(uved tliat this may be done. In any 
case, the resistance in the box must never be reduced to less than 
30 ohms when a scnrondary cell is used. 

Slidingr Rheostat.—The resistance wire is wound round an in¬ 
sulating cylinder. One end of the wire is attacluMl to one terminal 
of the rheostat. The second terminal is attaclied to a sliding con¬ 
tact piece which ca-n be removed parallel to the cylinder, so as to 
make contact with the resistance wire at some point on a generating 
line of the cylinder. 

Wheatstone’s Rheostat.—Two parallel cylinders are mounted 
side by side, so that eacdi can rotate about its axis. One cylinder 
is of brass, the other of w'ood or some insulating material. A 
screw thread is (nit on the latter cylinder, and a length of resistance 
wire lies at the bottom of the tliread. One end of this wire is 
attached to the metal cylinder so that, W'hen this is rotated, tlio wire 
is wound off the \vooden cylinder and on to the metal cylinder. 
The turns of wire on the metal are short-circuited, S(j that the re¬ 
sistance in use is that of the wire on the wooden cylinder only. 
Tlie advantage of tliis arrangement is that it gives a contiiiuouA 
adjustment of resistance. 

Carbon Resistances.—^Adjustable resistances may be con- 
strucUid by placing a number of circular sheets of (^arbonistjd cloth 
between two metal plates which may lx; }>ressed together by iiK'ans 
of a nut and a screw. The resistance is altenid by altering the 
pressun; between the ] dates. 

Ill another form solid plates of carbon are pressed together in 
the same fashion, and the resistance is varied by altering the number 
of plates or the pressure between them. 

Adjustable Resistance Frame. — A convenient form of 
adjustable resistance in common use is tliat which consists in a 
rigid frame on which are stretelied a numbei* of spiral coils of wire 
arranged in zig-zag fashion (Fig. 295). A metal handle connected 
with one terminal of tlie rheostat moves ov(;r a series of metal studs 
connected with successive spirals. With the liandle in one extreme 
position the current must jjass through all tlie spirals, but as the 
handle moves from stud to stud the current passes through fewer 
and fewer spirals, till the other extreme position is reached when 
the current usually passes direct through the handle to the second 
terminal of the rheostat. This arrangement is useful as a rough 
regulating resistance for fairly large currents, say from 1 to 20 
amperes. 

Such resistance frames are marked usually with their approxi¬ 
mate full resistance and by the current which they are designed 
to carry without overheating. This current must not be exceeded 
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Tliese resistance.^ rnnst never be used as standards for coin])ari.son, 
the indicated resistances being only ap]>roxiinately correct. 



Fia. 296.—Lamp Resistance. 

to be reduced to somewhere near a definite amount is the ffrid 
type. These are made for use on various voltages, and are 
usually marked with their approximate resistance and the 
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voltages for which they are designed. From these, the current 
they are designed to Like can bo calculated, and this must 
never bo exceeded. These grids will only take this current pro¬ 
vided they are well ventilated ; if enclosed so that they are not 
cooled by convection currents, they would overheat rapidly and 
fuse. 

Lamp Resistance. —For many experiments current may be 
used from the lighting mains if suitable resistances are employed 
to regulate it. A convenient and cheap apparatus is shown in 
Fig. 296. This can be made in deal or mahogany, using ordinary 

batten lamp-holders. The con 
nections are as shown in Fig. 
297. C, 11, and E are lamp¬ 
holders screwed to the base 
and connected in parallel as 
shown. 

The current for the experi¬ 
ment is taken from the ter¬ 
minals A and B. The polarity 
of A and E can be found by pole-finding paper and, by the use 
of one, two, or three lamps different currents may be obtained 
for purj)oses of experiment. A larger number of lamp-holders 
may be fitted if desired. 



Fio. 297.-—Connections of Lamp Resistance. 


§ 8. TES'rs FOR Polarity 

Pole-finding Paper—testing Polarity of Lighting Mains, 
etc. —Ordinary litmus paper is quite suitable for finding the 
polarity of cells, or mains, where direct current is supplied. The 
paper should be moistened and the two wires placed close together 
on the paper, but they must not touch each other. The point of 
contact of the positive will show a red mark after a moment or 
two, the negative giving a blue coloration. When testing the 
polarity of the lighting mains great care must be taken not to 
touch the bare wires with the fingers; the wires must not touch 
each other, nor must either wire come into contact with any 
metallic fixtures such as gas or water pipes. Failure to observe 
these precautions rtmy result in a severe sJt^ock to the experimenter^ 
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o>nd if the wires touch each other^ or any metal fixtures^ severe burns 
may result. 

Starch paper, i.e, ])aper soaked in a solution of starch and 
potassium iodide, turns blue at the terminal when two 

wires are placed in contact with the ])apcr (first moistened). 

Methods of determining the polarity of the terminals by means 
of the magnetic action of the current have been described on p. 449. 
In applyhig these methods to the lighting mains sufficient resistance 
must be placed in the circuit to 2 >^^'Vent the current being excessive. 
The lamp resistance described above is suitable for the purpose. 

One of the mains of the sup])ly company is usually earthed. 
In the case of a two-wire, system the second main may be either 
above or below the pottmttial of the earth. In the ease of a three- 
wire system the middle wire is earthed. Of the other two, one is 
above, tlio other below the potential of the earth. Thus, if the 
live mains are at + 100 and -100 volts respectively, lamps or 
apparatus requiring 200 volts would be connected across these live 
mains. If only 100 volts is needed for any purpose, the apparatus 
is connected between either live main and the middle (earthed) 
wire. 


§ 9. High Potential Differences 

For experiments in which differences of ]>otential of the order of 
100 or 200 volts are needed a high tension battery, composed of 
a large number of dry cells or accumulators in series, is frequently 
employed. By connecting the two points to selected terminals the 
potential difference required may be “tapped off” from the battery. 
Care must he taken to avoid short-circuiting any part of the battery. 

An alternative method is to use a potentiometer arrangement, 
the principle of which is shown in Fig. 236. The potential differ¬ 
ence required is obtained by connecting the two given points to 
the points A and P. The source S may be a battery consisting of 
a considerable number of large cells, or direct current (D.C.) mains 
may be employed. In using either smirce all the precautions men¬ 
tioned in § 8 7)mst he observed. The resistance of the potentiometer 
wire AD must be suitable, and the wire must be able to carry the 
current from the source without over-heating. For example, when 
D.C. supply mains giving 200 to 250 volts are used, the wire AD 
may have a resistance of from 1000 to 2000 ohms and a current 
carrying capacity of about 0 3 amp. For greater safety the current 
may be taken through a lamp resistance (page 588), the potentio¬ 
meter being connected between A and B (Fig. 297). 



CHAPTER XI 

HIGH-FKEQUENCY OSCILLATIONS—ELECTRO¬ 
MAGNETIC RADIATION 

§ 1. Electrical Oscillations produced by Condenser 
Discharge 

When a charged condenser is discharged across a narrow 
spark-gap, the actual flow of electricity across the gap consists 
of several surges in opposite directions. In the first surge the 
electricity acquires a kind of “ momentumand the condenser 
becomes “ over-discharged,’^ the plates acquiring charges opposite 
in sign to those they possessed initially. When the first surge 
is completed, the plates now discharge across the gap again, 
again becoming “ over-discharged,under suitable conditions. 
This process continues until the potential difi’erence between the 
plates after one of the surges is insufficient for a spark to pass 
across the gap. The final charges on the plates may be of the 
same sign as the charges initially carried by them, but it is 
equally probable that they will be of the opposite sign. 

Expt. 262. Residual Charge on Condenser after Dis¬ 
charging through a Spark Gap. —Charge a Leyden jar by 
connecting the inner coating to a Wimshurst machine, the 
outer coating being “earthed.” 

Touch the knob of the Leyden jar with a metal plate or 
ball mounted on a long vulcanite rod and test the sign of the 
590 
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charge on the plate or ball by means of an electrosco[)e (see 
Part VI., Chap, i., paragrapli 2, p. 440). 

Now take a wire su]!>ported by a long vulcanite rod, put 
one end under the jar bo as to make contact with the outer 
coating, then, holding the extreme end of the vulcanite rod^ bring 
the other end of the wire towards the knob of the Leyden jar. 
As soon as a spark passes between the wire and the knob, 
take the wire away again. The wire must not touch the knob. 

Determine the sign of the charge on the inner coating of the 
jar by touching the knob of the Leyden jar with the insulated 
metal plate or ball already referred to, and testing the sign of 
the charge which this plate or ball takes uj). 

Repeat the experiment several times and note how often 
the residual charge on the inner coating is of the same sign as 
the initial charge, and how often it is of the o[)posite sign. 

If in any single experiment the sign of the charge on the 
knob is found to have become reversed, that observation is 
evidence of the oscillatory character of the discharge. 

Important.— On no account must the knob of the Leyden jar he 
touched with any part of the body or clothing or with any conductor 
held in the hand. Any wire or other conductor brought up to the 
knob of the Leyden jar must he insulated by supporting it at the end 
of a long insulating rod,, the other end of which is held in the hand. 

§ 2. ElectrO'Magnetic Radiation 

When an oscillatory discharge passes across a spark-gap, 
electro-magnetic radiations arc set up in the surrounding space. 
These can be detected under suitable conditions by means of a 
large loop of wire bent so as to bring its ends very close together, 
the separation being of the order of 0*25 mm. Such a loop, 
when held close to a spark-gap across which sparks are passing, 
will pick up the radiations from the conductors leading to the 
spark-gap, this being made evident by the occurrence of fecible 
sparks across the gap in the loop. 

The existence of these radiations was discovered and demon¬ 
strated experimentally by Hertz in 1888, with apparatus of the 
type indicated above. 

Hertz showed that these waves or radiations were of the 
same character as light waves, in that they obeyed the same 

u 
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laws of reflexion as, and could be refracted like, light waves. 
The wave-lengths of these Hertzian Waves are many millions of 
times greater than the wave-lengths of visible radiations. 

The experiments of Hertz confirmed the theory put forward 
more than twenty years earlier by Clerk Maxwell, that electro¬ 
magnetic waves and light waves are identical in their pro¬ 
perties. 

§ 3. Detection of Elkctroma(jnetic Kadiatjons 


For the detection of electromagnetic radiations several 
methods liave been employed : 

Coherers, —The discovery of what is known as “coherer- 
action ” was made by Branly (1890), who invented the coherer ^ 
and used it for detecting the existence of electromagnetic 
radiations. Branly’s coherer consists of two metal rods mounted 
in a glass tube with their neighbouring ends separated by a 
distiincc of a few millimetres, the space between the ends being 
loosely filled with metal filings (Fig. 298). 

When the filings are loosely shaken togetner, the resistance 


Glass Tube Seating Wax 



^ ? 7 - 

Metal Rod Filings Metal Rod 


Fia. 298.—Simple Form of Branly's 
Coherer. 


of such a tube is very high. 
If, however, a beam of electro¬ 
magnetic radiation falls on the 
tube and on the metal rods, the 
resistance of the tube falls to 


a comparatively low value. Shaking the tube restores the 
resistance to a high value again. 

The high resistance is probably due to the filings being 
separated by extremely thin surface films of some kind, which 
films are broken through by the surges produced when electro¬ 
magnetic waves strike the tube and the conducting rods. The 
filings are thus made to cohere by the electromagnetic waves. 

For descriptions of other forms of coherers reference 
should be made to books dealing with the history of wireless 
telegraphy. 

1 The phenomenon manifested in Branly’s detector had been noticed pie- 
viously i)y Varley (1866) and by Onesti (1884). In 1879 Hughes employed his 
microphone in experiments on electric waves. 
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Expt. 2G3. Action of a Coherer. —Take two pieces of brass 
rod \ inch in diameter and about three inches long, and a 
piece of glass tubing, having a length of about 3 inches and a 
bore slvjhthj greater than the diameter of the rods. Smooth 
the ends of the rods and fix one rod into the glass tube with 
sealing-wax, the end of the rod being about the middle of the 
glass tube. Now put a few nickel filings into the open end of 
the tube, allowing these to drop on to the end of the rod 
inside the tube. The filings introduced should be sufficient, 
wh<‘n shaken down, to fill about J of an inch of the length 
of the tube. Insert the second rod into the open end, and 
fix it with sealing-wax in such a position that there is a 
small space between the end of the rod and the short column 
of filings. When the tube is now placcnl in a horizontal 
l)osition, the filings will lie loosely between the ends of 
the rods, filling about two-thirds or three-quarters of the 
intervening s{>ace. 

Connect the coherer just made in series with a 50-ohm 
coil, a Leclanche cell, and a milliammeter (Fig. 299). Observe 
that the current taken by the milliammeter is very small. 

Now discharge a condenser (Leyden jar) anywhere in the 
close vicinity of the coherer, and observe that the milliammeter 
reading increases immediately to a value in the neighbourhood 
of 20 milliamperes. A similar effect can be produced by 
placing an electric 
bell close to the { 

coherer, and caus- u Coherer 

ing the bell to ring j 

by moans of an ' 

electric current. Fio. 290—-Action of a Coherer. 

The spark which 

occurs at the contact breaker gives rise to waves sufficiently 
powerful to cause the filings to cohere. 

Observe, also, that tapping the coherer sharply, after the 
sparking has ceased, causes the reading of the milliammeter 
to fall almost to zero again. 

Instead of the 50-ohm coil and the milliammeter, a small 
2-volt “pca”-lamp can be used in simple series with the 
Leclanche cell and the coherer. At first the lamp will not 
glow, but the sparking will cause it to do so, thus showing that 
the resistance of the circuit has diminished very considerably. 
Tapping the coherer will cause the glow to disappear. 

Note 1. —An accumulator cell may be used instead of the Leclanche cell, 
but in no case should a battery or coll having an E.M.F. exceeding 2 volts be 
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used. A higher potential difference than 2 volts is liable to break down the 
surface films and to cause the hlings to cohere even in the absence of electro¬ 
magnetic impulses. 

Note 2.— An improved coherer can be made by using silver rods instead of 
brass, or soldering (preferably hard-soldermg) a silver disc over the ends of 
the brass rods. A mixture consisting of 96 |>ei- cent, nickel filings and 4 per 
cent, silver filings is better than filings all of nickel. 

Magnetic Detector. —If electromagnetic waves are received 
by an eaith-connected wire (an aerial), an electric current is 
set up in this wire, the current being oscillatory. The oscilla¬ 
tions of this current are very rapid, being of the same frequency 
as the electromagnetic waves by which they are set up. If a 
small coil of wire is inserted between the lower end of the aerial 
wire and the earth, the current will pass through this wire and 
will set up a rapidly alternating magnetic field along the axis of 
the coil. 

Marconi devised a form of detector in which an endless loop 
of finely-stranded soft-iron wire was made to pass slowly 

through a coil similar to that 
just described. Before enter¬ 
ing the coil the wire was mag¬ 
netised by causing it to pass 
across the poles of a magnet. 
The magnetism was retained 
by the wire as it passed 
Fm. 300.— Marconi’s Magnetic Detector. through the COil, provided XlO 

oscillations were being produced in the coil. If, however, 
electrical oscillations weie tfvking place in the coil, the rapidly 
alternating magnetic field along the axis of the coil caused the 
magnetism of the moving iron wire to he destroyed. 

Any change in the magnetism of the iron inside the coil 
resulted in a current being induced in a “secondary ” coil wound 
over the first, and caused a click in tele[)hones connected across 
the end of this second coil (Fig. 300). Thus an audible indica¬ 
tion was obtained when the aerial was receiving electromagnetic 
waves. 

It is difficult to devise any simple laboratory apparatus to 
demonstrate this effect. 
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§ 4. Detection of Electromagnetic Radiations by 
Rectification Methods 

The system of electromagnetic waves sent out when a spark 
discharge occurs, dies away very rapidly. Such a series of 
waves, or wave-train, can 
be represented diagram- 
matically as in Fig. 301. 

It is called technically a 
damped wave-train. 

By the use of three- 
electrode valves or triodes 
(see Chapter XII.) electro¬ 
magnetic waves of constant 
amplitude can be produced, 
giving a wave-train of the 
type represented in Fig. 

302. Such a wave-train 
is called a sustained 
wave or, more commonly, 
a continuous wave-train. 

The electric current set up in an aerial wire receiving a 
wave-train is of the same form as the wave-train which pro¬ 
duces it. A damped wave-train sets up an alternating current 
which rapidly dies away to zero, while a continuous wave-train 
causes alternations of constant amplitude to be set up in the 
aerial wire. 

The frequency of alternation is altogether too high for any 
audible sound to be produced by passing the current through 
a telephone, even if the diaphragm of the telephone could 
respond efficiently to an alternating current of such frequency, 
and even if the self-inductance of the telephone coils would 
permit any appreciable current of such a frequency to pass 
through the coils. 

Deliciite instruments for detecting alternating currents of 
very small magnitude might be used if the waves received by 
the aerial were very powerful, as in the vicinity of the station 
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generating or transmitting the waves, hut not otherwise, as 
the sensitivity of such instruments is somewhat small compared 

with the sensitivity obtain¬ 
able in instruments for de¬ 
tecting and measuring uni¬ 
directional current. 

The invention of the “os¬ 
cillation-valve ” by Fleming 
and its power of rectifying 
alternating currents of both 
low and high frequencies 
rendered the detection of 
electromagnetic waves com¬ 
paratively easy. This form 
of valve is described in 
Chapter XII. 

Shortly after Fleming’s 
discovery, it was found that 
certain crystals, when held 
lightly in contact, possessed similar rectifying properties, as did 
also certain crystals when in light contact with the end of a 
fine metal wire. 

Rectification of Electrical Oscillations. — If the end of a 
fine metal wire (e.fj. copper, silver, gold, etc.), is held lightly 
in contact with a crystal of suitable composition, the contact 
thus formed will transmit a current much more readily in one 
direction than in the other. A similar departure from Ohm’s 
Law is observed when two crystals of suitable composition (e.g. 
zincite and bornite) are held together and, in fact, if almost 
any two conducting materials are placed in contact, provided 
the area of contact is sufficiently small and the contact pressure 
is sufficiently light. It is possible to obtain this effect with 
the end of a fine platinum wire held in extremely light contact 
with a disk of platinum. 

Such a system placed between the lower end of an aerial 
wire and the earth will, let us suppose, conduct a current much 



Fio. 303.—Recti(ittd Oscillations due to 
Damped Wave-Train. 



Fio. 804.— Rectified Oscillations due to 
Continuous Wave-Train. 
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more readily from the aerial to the earth than in the reverse 
direction. The current which flows through the crystal system 
will then be more or less 
uni-directional, so that a 
damped wave - train re¬ 
ceived by the aerial will 
cause a current of the 
type indicated in Fig. 30.3 
to flow through the crystal, 
the reverse half of each 
alternation (indicated in 
dotted line) being practi¬ 
cally suppressed owing to 
the high resisUince offered 
])y the crystal system to 
a current flowing in this 
direction. A crystal com¬ 
bination, or a combination 
consisting of a crystal and 
a metal wire, having pro¬ 
perties of this type, is called a crystal detector. 

The curve shown in Fig. 304, represents the current passing 
through the crystal detector when the aerial is receiving a 
continuous wave-train, Le, represents a rectified continuous 
wave. 

Provision must be made, of course, for the half-waves sup¬ 
pressed by the cry still detector to pass from the earth to the 
aerial by .some other conducting system. In wireless reception 
this is usually done by connecting the crystal detector in 
parallel with the aerial tuning: inductance. (See Expt. 265, 
and Fig. 312). 

A rectified train of damped waves would be “ smoothed ” 
in passing through any apparatus having an appreciably large 
self-inductance, such as the coils of a telephone or of a sensitive 
galvanometer, and its effect on such apparatus would resemble 
that of a single impulse (Fig. 305). 



Fig. 305. —A Rectified Current indicated 
by the dotted line produces a .sinp:le 
impulse (full line) when passed through 
an inductive circuit such as a telejihone. 



Fio. 306.—A Rectified Continuous Wave (dotted 
line) prodiices an approximately constant 
current (full line) in the telephone. 
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A rectified train of continuous waves would be smoothed 
in a similar manner, and its effect would resemble that of a 
steady or only slightly varying current (Fig. 306). 

Thus, a rectified group of damped waves would cause a 
single click in a telephone, or a sudden deflection in a 
galvanometer. A rectified continuous wave would ])roducc 
nothing more than a faint rustling sound in a telephone, due 
to slight accidental variations of amplitude. In a galvanometer, 
however, a rectified continuous wave would produce a sensibly 
constant deflection. 

In wireless telegraphy, damped wave-trains produced ])y 
“ spark ” transmitters are still used to some extent. Each 
spark gives rise to a single click in the telephones at the 
receiving station and, if the sparks follow each other at short 
intervals, a succession of clicks is heard in the telephones. 
These give rise to a musical note if the sparks occur regularly 
and in sufficiently rapid succession, the pitch of the note being 
that corresponding to the number of sparks per second at the 
transmitter. 

Stations which transmit continuous waves cannot be heard 
by a receiving station in which the receiver is a simple rectify¬ 
ing system with the rectified current passing through telephones, 
unless the amplitude of the waves sent out is varied. It is 
possible, however, to modulate the waves so that their 
amplitudes vaiy, thus causing corresponding variations in the 
rectified current at the receiving station and in the attraction 
of the telephone diaphragm. If the frequency of these varia¬ 
tions lies within the range of frequencies to which the telephone 
can respond, the diaphragm takes up vibrations corresponding 
to the modulation. Thus, if the modulation causes the ampli¬ 
tude of the continuous wave to vary so that it passes thiough 
successive pairs of alternate maxima and minima 256 times per 
second, the telephone diaphragm vibrates in and out 256 times 
per second and emits the note “ middle C.” 

By suitable means, the modulation can be made to depend 
on the vibrations produced by any sound, thus musical notes 
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and speech can, so to speak, be impressed upon the high- 
frequency electromagnetic waves as variations in the amplitude 
of the waves. When such waves are received on an aerial, 
and the resulting current is rectified by a crystal and caused 
to ]mss through a telephone, the music or speech is reproduced 
by the tcle[)hone with remarkable accuracy if the modulation 
at the transmitting station is good. 

Expt. ‘2G4. Rectifying Action of a Crystal Detector.— 

.Make up a galena-cat whisker crystal detector of the form 
commonly used in wireless receiving sets. The catwhisker is 
usually in the form of a very short helix of fine wire mounted 
on an adjustable brass rod. The galena crystal can be con¬ 
veniently mounted in a small brass cu[) by filling the cup 
with Wood’s metal and partially embedding the crystal in 
the molten metal. The brass rod carrying the catwhisker is 
supi)orted between metal spring.s, through which electrical con¬ 
nection can be made to the rest of the ajiparatus. The brass cup 
iu which tlie galena crystal is mounted, is fixed to the base of 
the d(‘tector supjiort and a connection is taken from the cup, 
preferably through a terminal, to the rest of the apiiaratus. 

Connect the detector in .series with a micro-ammeter with 
centre zero, or with a galvanometer, and, through a reversing 


Crystal 

Detector 


Fia. 307.—riwtifying Action of a Crystal Detector. 

switch, to a potentiometer connected across a battery of small 
cells having a total E.M.F. of 4 to 6 volts (Fig. 307). If a 
galvanometer of high sensitivity is used, it is advisable to 
shunt this before commencing the experiment. A few trials 
will enable a shunt of suitable magnitude to be selected. 
Tlie value of the shunt should not be altered during tlie 
experiment. It is also advisable to include a resistance of 
the order of 100 to 1000 ohms in the micro-ammeter and 
detector branch of the circuit, in case the crystal detector 
should be accidentally .short-circuited due to the metal parts 
coming into contact with each other. 

V 2 
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Using a low potential difference across the detector and the 
micro-ammeter or galvanometer, observe the deflection given 
by this instrument. Heverse the i)otential difference applied 
(by throwing over the reversing key) and observe the deflection 
again. 

Increase the potential difference in small steps and repeat the 
observations for each value of the potential difference. 

The magnitude of the potential difference a])plied in each 
pair of observations should be measured or calculated. 

Plot your observations, using [)otential differences across 
the detector as abscissae and corresponding values of the 
current as ordinates, and draw a curve through the points thus 
obtained. Note that these points do not lie on a straight line 
through the origin, as they would if the flow of current through 
the detector obeyed Ohm’s Law, i.e. if the resistance of the 
contact were independent of the P.D. applied and of the 
direction in which this P.D. acts across the contact. From 
the curve obtained, calculate approximate values for the 
resistance of the detector contact for currents in both directions 
when the P.D. across the contact is (say) 1 volt. 

Make up a zincite-bornite detector by mounting a crystal 
of zincite in a small brass cup and a crystal of bornitti in 
another small brass cup, supporting one of these in an 
adjustable su[)port .so that a fine edge or point of one crystal 
rests lightly on a flat surface of the other crystal. The way 
in which the U[>j)er brass cup is supported should permit of 
adjustment of the position of the u])per crystal relative to 
the lower one. 

Rei)eat the experiment de.scribed above, using this zincite- 
bornite combination. Observe that the resistance of the 
zincite-bornite detector is, on the whole, much larger than 
the resistance of the galena-catwhisker combination for cor¬ 
responding values of the potential difference. 

Note.—B efore beginning tlie experiment with either detector, adjust the 
detector to give a marked difi'ercnce between the current in one direction 
and the current in the opposite direction when a potential diirerencc of 
about 0'5 volts is used. This adjustment should not be altered subsequently 
during the experiment as the crystal surface may not be uniformly sensitive. 

§ 5. Tuned Electrical Circuits—Electrical Resonance 

If a charged condenser C (Fig. 308) is suddenly short-circuited 
through a coil L, the charge surges to and fro through the coil 
many times before all flow or surging ceases. The rate of 
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decay of the surging depends on the resistance of the coil 
and on the amount of energy radiated as (dectromagnetic waves. 

The period of the oscillations Avhich take place, ij\ the time 
taken for a complete to and fro surge, is eijual to L, C, whci e 
L is the self-inductance of the coil and C is the ca})acity of the con¬ 
denser, both these quantities being measured in one syste'ni of 
For example, in practical units L is in henries and C in farads. 

It happens, owing to certain relations ^^ 
which exist between the absolute electro- g | 

magnetic units and the electrostatic units, jg —p-C 

that the wave-length, in centimetres, of p j 

tlie oscilliitions which such a system would 

set up in the ether, is given by the same Natural osciiu* 
expression . (7, i^ is measured in tiou iMuquency. 

absolute electromagnetic units and C in electrostatic units. 

Oscillations can be set up in such a circuit by (causing sjiarks 
to pass across a spark-gap connect(‘d to the circuit (Fig. 309). 
The oscillations in the circuit are then heavily dam[)ed owing to 
the resisLince of the spark-gap; the sharpness of tuning of the 
resultant oscillations {i.e. the narrowness of the frequency range 
emitted) is also greatly reduced, the oscillations obtained having 
frequencies which cover a fairly wide range. 

Oscillations can also be produced in such a circuit by means 
of a threo-electrode valve (see Chapter XII. g 12). The oscilla- 

I , tions thus obtained are easily 

maintained at a constant ampli- 
o Induction tudc ; their range of frequencies, 
Ij^ also, can be kept very small, 

11 i.e. the oscillations are sharply 

Fig. 309.—Circult with Spark-gap In- tQnerj 
sorted for production of Oscillations. 

To obtain efficient radiation, 
the simple oscillating circuit described above must be modified. 
This is done by attaching a long wire to one end of the coil L 
or by making the coil L of large area, and of a comparatively 
small number of turns (Figs. 310 and 311). 

The long wire radiator is called an open aerial; its addition 


To 

Induction 

Coil 


Fig. 309.--Circult with Spark-gap In 
sorted for production of Oscillations. 
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alters the capacity and self-indiictancc of tlie system and tlu'refore 
alters the frequency of the oscillations and, of coui'se, the wave- 



To Earth or to 
Countvt-balance netiuork 

F'ig. 310.—Radiating Cir¬ 
cuit. with Open Aerial. 
Also serves as Receiving 
Circuit if not excited to 
act as Radiating Circuit. 



c 

Fig. 311.- Radiating 


Circuit with Closed 
Aerial. AIsoseive.s 
as Receiving Chr- 
cnit, if not excited 
to act as Radiating 
Circuit. 


length of the radiation 
emitted. AVhenaiiopen 
aerial connected to one 
end of the coil L is 
used, the other end of 
the coil is generally 
connected to ea,rth, 
though sometimes an 
insulated wire or net¬ 
work of wires is con¬ 
nected to this end to 
act as a counterbalance 
to the aerial, instead of 


an earth connection. 


A vertical open aerial radiates equally in all horizontal 
directions. 

If the coil L is made of large dimensions and used as a 
radiator, i.e. as a closed aerial, or frame aerial, no earth con¬ 
nection is required. Such a coil radiates most strongly in its 
own plane, the intensity of radiation in directions at right angles 
to the plane of the coil being practically zero. 

Now if a circuit such as that shown in Fig. 310 is made up 
but is not connected to any spark gap or valve which will set up 
oscillations in the circuit, it will pick up any electromagnetic 
waves which strike the aerial, or pass close to it, and the 
circuit will respond to these waves. Similarly a circuit with a 
closed aerial, as shown in Fig. 311, will respond to waves 
travelling past the aerial, the response being greatest to waves 
travelling in the plane of the coil, and zero, or nearly so, to 
waves travelling at right angles to this plane. 

The oscillations set up in these circuits will have the same 
frequency as the waves which are being intercepte<l by the 
aerials. The response of either circuit will be small, therefore, 
unless the natural period of the receiving circuit is approxi- 
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matc 3 ly the same as the frequency of the waves intercepted by 
the aerial. 

13y altering the self-inductance of the coil L or by altering 
the capacity of the corjdenser C, the natural frequency of the 
circuit can be made the same as that of the waves being received. 
The circuit will then be set in resonant vibration, the am})litiule 
of the oscillations becoming very large, being, in fact, limited 
only by the extent to which energy is dissipated in the circuit 
due to its electrical resistance, or is abstracted from the circuit 
by re-radiation or in other ways. 

To detect the oscillations Liking place in such a receiving 
circuit it is necessary to draw energy from the circuit, in some 
way or another, to operate the apparatus used for the detection of 
the oscillations. Abstracting energy for this purpose limits the 
amplitude of the oscillations set up in the resonant circuit and 
also “flattens’' the resonance, i.e. causes the oscillations to be of 
fairly considerable intensity even when the natural frequency of 
the receiving circuit is varied over an appreciable range. 

Exi*r. 2G5. Resonant Vibrations in a Receiving Circuit. 

—Mak(‘ up a simple receiving set with a crystal detector and 
tclejihones, suitable for receiving signals from a local broad¬ 
casting station unless a privately owned transmitting set is 
available (Fig. 312). This set should have either a variable 
self-inductance or a variable capacity, with a scale in terms of 
which the magnitude of the self-inductance or of the capacity 
can be expressed in some arbitrary manner {e.^. angle through 
which the adjusting knob is turned). 

Using a galena-catwhisker detector, adjust tlie set to give 
maximum loudness of signals from whatever station is being 
used as the transmitting station. 

Keep the set adjusted in this way and replace the te]e}>hone 
by a micro-ammeter or galvanometer. Note the current 
passing through this instrument. 

Now vary the adjustment of the set by altering either the 
self-inductance of the coil L or the capacity of the condenser 
C, and take readings of the current through the micro-ammeter 
or galvanometer for several different adjustm^mts. Plot a 
curve showing how the current varies as the adjustment is 
altered, using as abscissae the readings on whatever scale is 
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fitted to the juirt of the apparatus by means of which the 
adjustment is made. This p;ive.s a resonance curve for the 
receiving set under tlnvse conditions. 



Fla. 312.~Rec(*ivinf' Circuits with Crystal Detectors and Telephones, (a) Open 
Aoiial Circuit; (b) Closed Aerial Circuit. 

As shown, “ tuning” is by altering capacity of condenser. 

If the self-inductance and the capacity arc both variable, 
carry out the experiment first with a constant self-inductance, 
varying the natural frequency of the set Viy altering the 
capacity. Then repeat the experiment with the capacity 
kept constant at some suitable value, the variation being now 
obtained Viy altering the self-inductance. Separate resonance 
curves should be })lotted for these two sets of observations. 

Substitute a zincite-bornite or other form of “ two- 
crystal detector for the galena-catwhisker detector first used, 
and repeat the experiment. Note the difference between the 
sharpness of the resonance obtained when different types of 
detectors are used. 

Note.— If the micro-ammeter used is not a centre-zero instrument, but 
indicates current in one direction only, take care to see tliat it is connected 
the right way round. If it is known that signals are being received (by 
trying with the teleplioncs again) reverse tlie connections to the micro- 
ammeter if no deflection is obtainable. 

It will be found that the resonance curve is much sharper 
with a crystal detector of high resistance than with one of low 
resistance. Verify that this is so by measuring the resistances 
of the two detectors as described in Expt. 2G4, 

For the detection of electromagnetic waves by methods 
employing valves see Chapter XII. 



CHAPTER XII 


THERMIONIC VALVES 

§ 1. Emission ok Electrons from Hot Bodies 

When a inotal is heated it tends to lose negative electricity 
and thus to acquire a positive charge. This is true oven at 
ordinary temperatures, but the effects are so small that they 
are not readily detectable; they become very large, however, at 
temperatures round about 1000*^ C. 

The negative electricity leaves the metal as electrons, which 
are particles of negative electricity. Each electron is a negative 
electric charge of magnitude -e - - 4*804 x electrostatic 

units or - 1*002 x absolute electromagnetic units, i.c, 

- 1*602 X 10" coulombs. Its mass is 9*11 x 10“^® gm. 

The emission of electrons from a hot metal is an effect 
analogous to the emission of molecules of vapour from the 
free surface of a liquid. The electrons leave the surface with 
a small velocity and, unless they are swept away from the 
neighbourhood of the hot metal, they accumulate in the 
surrounding space until eventually a state of equilibrium is 
established. The rate at which electrons leave the metal is 
then just equal to the rate at which electrons re-enter the 
metal from without. The condition is analogous to that of 
water at the boiling point under an atmosphere of saturated 
steam, the part of the steam being played by the cloud of 
free electrons which constitute a space-charge around the 
metal. 
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When a conductor surrounds the hot metal, tlio conditions 
can be altered in various ways by maintaining this conductor 
at various potentials relative to the hot metal. For examjde, 
the conductor may be kept at a })otential considerably below 
that of the hot metal, so that a strong electric field is produced 
in the space between them. This field will oppose the escape 
of electrons from the hot metal, and will drive back towards 
this metal any electrons which may exist initially in the 
intervening space. As a result, the escape of electrons will 
practically cease ; the space-charge will also become practically 
non-existent. If, on the other hand, the surrounding conductor 
is kept at a potential considerably higher than that of the hot 
metal, electrons leaving this metal will be attracted towards the 
surrounding conductor, and will pass across to it as a steady 
stream. The flow of electricity thus produced constitutes a 
thermionic current. 

The electrons emitted by the hot metal are not necessarily 
all s\ve{)t across to the surrounding conductor in these circum¬ 
stances. The electrons leave the surface of the metal with 
various velocities, some are moving only very slowly, while 
others are moving rapidly ; average vtdocity is, however, 
not large. Under the action of the electric field the electrons 
are accelerated, but their velocities do not ))ecome large until 
they have moved some distance from the hot metal. As a 
result, the space-charge may ])e of considerable density in the 
immediate neighbourhood of the hot metal, and electrons which 
start with very small velocities may he driven back by the 
forces due to the space-charge. The larger the potential 
difference between the hot metal and the surrounding conductor, 
the less chance will there be of an electron returning when 
once it has escaped. By making this potential difference 
sufficiently high, the electrons can bo swept across to the 
surrounding conductor as rapidly as they are emitted. Further 
increase of the potential difference will not then increase the 
“negative^' current flowing from the hot metal to the surround¬ 
ing conductor: the limiting value of the thermionic current is 
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called the saturation current. If ~ e the charge of one 
electron, and the hot metal is emitting JV electrons ])er 
second, the value of the saturation current is given by the 
product Ne. 

In addition to metals, many oxides also have the jxiwer of 
emitting electrons when heated, the emission from certain oxid(5s 
being much greater than that from most metals under similar 
conditions. 

A hot body which is emitting electrons is cooled by the h ss 
of its electrons just as a li(|uid is cooled by evaporation. This 
ellect can easily be seen by watching a bright, hot tungsten 
filament when the potential of a surrounding conductor is 
suddenly raised from a value approximately eipial to that of the 
filament to a value about 100 volts higher. It will l>e 
observed that the hi'ightness of the filament falls off appreciably 
when the potential of the surrounding conductor is raised as 
described. 

The conductor towards which the electrons are attracted 
becomes appreciably heated by the “bombardment ’ with 
electrons to which it is subjected. The charges of the elections 
are neutralised, and the electrons are absorbed by the conductor; 
the kinetic energy of the electrons is transferrcil to the con¬ 
ductor, and apiicars in the latter as heat. 

§ 2. Two Elect KOI) E Valves or Diodes 

The effects descrilied in the preceding paragraph can only 
be studied satisfactorily if the hot metal and the surrounding 
conductor are enclosed in an evacuated vessel, with suitable 
connecting wires sealed through the walls of the vessel. The 
first recorded observation of such effects was made by Edison in 
1884. Edison mounted a metal plate between the limbs of the 
horse-shoe-shaped filament of his electric lamp and observed 
that, under suitable conditions, a current passed between the 
plate and the filament. It was not until many years latei* that 
this was shown to he due to the emission of electrons from the 
hot filament. 
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In 1904 Fleming designed and constructed what he called 
an oscillation valve/^ in which a thermionic current was made 
to serve in the detection of high-frequency 
electromagnetic oscillations. In Fleming’s 
valve two electrodes were mounted inside 
an evacuated glass tube or bulb. The 
kathode was in the form of a metallic 
filament, while the anode or plate was a 
plate or cylinder of metal mounted close to or 
surrounding the metallic filament (Fig. 313). 
The filament was heated by passing an electric 
current through it from an accumulator or 
small battery of accumulators, and was thus 
made to emit electrons. The anode was 
connected to the system in which the electric 
oscillations were taking place or on which the electric oscillations 
were being received. The thermionic current would flow only 
when the anode was at a positive potential relative to the 
kathode. Consequently, provided the mean potential of the 
anode was properly adjusted relative to the potential of the 
kathode, the thermionic current would flow only during the 
“ positive ” half of each oscillation. The way in which this 
rectification of the oscillations can bo used to detect their 
occurrence has already been described in Chapter XI. 

The Fleming valve operates with a real “valve” action when 
the mean potentials of the two electrodes are properly adjusted, 
and it is this rectifying: property of the two-electrode valve 
or diode which is important. Among the many special uses 
to which diodes are put, mention need only be made of two, 
viz. ; for charging accumulators from alternating current supply, 
and for rectifying alternating high-tension current in X-ray 
work. Their use as detectors of Hertzian (wireless) waves, for 
which Fleming designed them, has died out since the discovery 
of the rectifying properties of crystal detectors, and of the 
combined rectifying and amplifying effects which can be obtained 
by using valves having more than two electrodes. 



Fks. 313.—The Fleming 
Valve, for rectifying 
oscillations. 
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§ 3. Tiiree-Electrode Valves or Triodes 

III the three-electrode valve invented by de Forest, a third 
electrode is fitted in addition to the kathode and anode of a 
diode. The additional 
electrode is either a 
perforated plate, a 
wire mesh, or a spiral 
of wire with the turns 
spaced at appreciable 
distances from one 
another. This third 
electrode or grid is 
mounted between the 
kathode and the anode 
(Fig. 314). The 
general appearance 
and the method of 
construction resemble 
those of the diode. It is presumably on this account that the 
term valve is applied to the three-electrode form. A three- 
electrode valve can be used to obtain effects resembling rectifica¬ 
tion, though these effects are not obtained as a result of a true 
“valve” action. The “rectifying” properties of the three- 
electrode valve are, moreover, of small importance compared 
with the other properties it possesses, so the term “ valve ” is 
something of a misnomer. It would be preferable to use the 
name triode in referring to the three-electrode form, though tlie 
name valve must now be accepted as well-established. 

The way in which a triode behaves depends to some extent 
on the sizes and disposition of the electrodes relative to each 
other, and on details such as the proportion of open space 
in the grid. Apart from constructional variations, however, 
the behaviour of the valve depends very materially on the 
potentials of the three electrodes relative to each other, and 
particularly on the potential of the grid. 



Fig. 314.—A Three-ftleclrode (or Triode) Valve, (i) In 
some i)attern.«?, the hlanient, grid and plate are 
arranged as shown. The grid consists of an open 
spiral of wire surrounding the filament; and the plate 
is a cylinder of thin metal. (ii)Or»e of the conven¬ 
tional methods of representing the valve in diagrams. 
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Suppose that the anode potential is high compared with that 
of the tilament, and that initially the grid potential is the same 
as that of the nefjative end of the filament.^ The field near the 
filament will be weak, and most of the electrons emitted will 
return to the filament. Some, however, will get away, a few of 
wliich will be intercepted by the grid, though the majority will 
pass through the openings in the grid and will travel on to the 
anode. The charge acquired by the grid per second, or the grid 
current, wull be very small. The anode current will also be small, 
though it will be very many times larger than the grid current. 

Ihiising the potential of the grid will increase the electric 
field round the filament, and so will increase the flow of 
electi*ons by reducing the number which retui'ii to the filament. 
The anode curi’ent will thus be larger than before, as will also 
be the grid current. 

Lowering the potential of the grid will produce effects 
opposite to those described above, since the esca[)e of electi'ons 
from the filament will be impeded by the repulsion exerted on 
them by the grid. Thus, if the potential of the grid is 
raised, the anode current is increased, and if the potential 
of the grid is lowered, the anode current is diminished. 
The grid thus serves to regulate and control the flow of 
electrons from the kathode (filament) to the anode. 

To follow out all the possible variations in detail is outside 
our scoj>e here, as is also any discussion of the differences 
between triodes fitted with “open” and “ close ” grids. A few 
of the more important effects which can be obtained by varia¬ 
tions of the types just described are mentioned in connection 
with the exf>eriments dealt with in paragraphs 8 to 1 2. 

For the adjustment and maintenance of the potentials of the 
electrodes and of the current through the filament it is con¬ 
venient to use independent batteries. 

The electric current used to heat the filament can be obtained 
from an accumulator or small battery of accumulators (2 to 6 

^ When the filament is directly heated electrically, its potential is not 
uni for in ; nnl«!ss otlierwise s|>ecilied, reference to the potential of the filament 
must be taken as ap])lyiug to the negative eml of this electrode. 
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volts), usually called the low-tension battery. It is advisable 
to use large accumulators (capacity 40 to 60 ampere-hours) for 
this [>urpose. The low-tension battery should be of the voltage 
appropriate for use with the particular type of valve employed. 

The potential of the anode is usually considerably higher than 
the [)otential of the filament. To maintain the anode potential, 
a battery of small accumulators or dry cells giving 40 to 150 
volts, or even more, is suitable. This high-tension battery 
need not be made up of large cells, as the anode current is not 
usually greater than a few milliamperes. The negative terminal 
of the high-tension battery must be connected to the low-tension 
batter}^ preferably (for purposes of reference) to the negative 
terminal of this battery. 

In practically all uses to which triodes are put, variations of 
potential are impressed upon the grid. The way in which these 
variations modify the anode current depends, however, on the 
mean potential of the grid, and, m onler to obtain any 
desired relation between the variation of anode current and 
the variation of grid potential, it is necessary to ap})ly the 
proper mean potential to the grid. This is often called 
potential bias or grid-bias; it may be ajiplied either by 
means of a potentiometer system supplied with current from 
the low-tension battery, or by means of an independent low- 
tension battery, called a grid-bias battery, one terminal of which 
is connected to the negative terminal of the low-tension battery. 

Valves in which the filament is a simple metal wire (usually 
tungsten) are called bright-emitters, since the electron emission 
from the filament is very small unless the fdament is at a bright 
red-heat (almost white-hot). In many valves the filaments are 
of metal coated with oxides of the alkaline earths, while in 
others the filaments are impregnated with thorium oxide. 
Filaments treated in this way give a considerable electron 
emission at temperatures much below that corresponding to a 
bright red-heat, so the filaments are hardly visible, if at all, 
when the valve is in use. Valves in which these typos of 
filaments are fitted are called dull-emitteps. Sometimes valves 
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are provided with indireetly heated kathodes, the kathode 
being insulated from the (interiml) heating element. 

Multiple-electrode valves have })een made in which two 
or more grids are fitted, sometimes also two or more anodes. 
These have many interesting a])plications, but the study of 
their properties is beyond the scope of this book. 

§ 4. Ionisation Effects in Valves—‘‘Hard” and “Soft" 

Valves 

The residual gas present in any valve causes some of the 
electrons to be stopped owing to collisions with the gaseous 
molecules. When a slow-moving electron collides with a mole¬ 
cule of gas, it either rebounds without havitig gieatly afiected 
the molecule or else it attaches itself to the molecule, converting 
this into a negative ion. Under the action of an electric field 
this ion would move in the same direction as a free electron, 
but its acceleration, owing to its larger mass, would be much 
smaller than that of a free electron, and it would move com¬ 
paratively slowly. In such a case the eflect of the residual gas 
would be to cause a slight reduction in the current thiough the 
valve. 

Tf a rapidly moving electron collides with a gaseous mole¬ 
cule, it may cause the molecule to be disrupted, with the pro¬ 
duction of both positive and negative ions (positively and 
negatively charged atoms), and with the liberation of electrons 
from the molecule itself. This happens much more readily with 
some gases and vapours than with others, mercury vapour, in 
particular, being very readily ionised. When the residual gas 
becomes ionised by the moving electrons, the number of charged 
particles in the space between the electrodes becomes consider¬ 
ably increased. Each ion and electron moves towards the 
oppositely charged electrode, sometimes forming more ions by 
collisions on the way, and so the current passing between the 
electrodes may be made very many times greater than that 
corresponding simply to the rate of emission of electrons by 
the filament. 
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To produce ionisation in this way the potential difference 
between the electrodes must exceed some minimum value which 
depends on the nature of the residual gas. This })otential 
difference is, for most gases, of the order of 15 to 20 volts, 
though ionisation effects do not become large unless this 
minimum is considerably exceeded. For mercury vapour a 
potential difference of only 5 or 6 volts is sufiicient to produce 
ionisation. 

It will be seen that ionisation can occur in almost any valve 
with the potential differences ordinarily used. A valv’^e which 
contains very little residual gas will, however, not show such 
marked ionisation effects as one in which the amount of residual 
gas is greater. A well-evacuated valve is called a hard valve, 
while one in which a fairly large amount of residual gas is left 
is called a soft valve. 

At one time the amount of residual gas left in a valve was 
adjusted during manufacture in order to obtain, in the finished 
valve, those characteristics which would make it suitable for 
some desired specific purpose. To some extent a similar result 
can be achieved by modifying the construction of the valve and, 
since very soft valves are apt to be somewhat variable in their 
behaviour, com[)aratively few really “ soft ’’ triodes are now 
made. Soft diodes arc, however, becoming increasingly used 
for rectifying alternating current for purposes such as charging 
accumulators, the valves used for these purposes being deliberately 
made almost as soft as it is possible to obtain them. Some 
diodes of this type will, although no larger than an ordinary 
100 candle-power lamp (“half-watt” type), pass ionisation 
currents of Jive or six amperes continuously as a “ normal working 
load.” 

§ 5. Ionisation Currents in Gases 

The presence of an electron-emitting filament is not essential 
to the production of ions in a gas. Ionisation can be produced 
by any method of creating an electric field in the gas, provided 
the electric intensity obtained is sufficiently high. The most 
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usual method of producing the ionising field is to use two 
electrodes inside the envelope containing the gas, and to charge 
these to diHeront potentials. This is the method employed in 
ordinary “gas’* X-ray tubes, gas-discharge tubes known as 
Geissler tubes or “vacuum” tubes, and in the neon lamps now 
obtainable for use on ordinary electric supply mains. The 
potcr)tial dillerenco required to jirodiice ionisation under these 
conditions is, other things being equal, much greater than that 
ne(‘(l(Ml to produce marked ionisation when electi*ons ai’e being 
liberated in the gas from some independent source such as a hot 
li lam cut. 

Other methods of obtaining the requisite electric intensity 
are available. p]xternal electrodes of tinfoil may be mounted 
on the outer surface of the envelope which encloses the gas, the 
electric field being produced by connecting an induction coil to 
the two extei nal electrodes or to one external and one internal 
electrode. Another method is to send a high-frequency oscil¬ 
lating discharge through a few turns of wire wound round the 
glass bulb or other non-conducting container in which the gas is 
enclosed. 

The intensity of the electric field required to produce any 
marked ionisation of the gas depends mainly on the nature of the 
gas if the gas pressure is comparatively high. At low pressures, 
however, of the order of atmosphere or less, the electric 

intensity required depends principally on the pressure of the 
residual gas. 

In all cases where there is no separate liberation of electrons 
in the envelope containing the gas, the first ions are formed by 
gaseous molecules coming into the intense fields near the 
electrodes or, in the electrode-less discharge, by molecules 
coming into the intense fields in the immediate vicinity of the 
coil wound round the tube. The number of ions thus formed 
is comparatively small, but as these ions move through the rest 
of the gas, under the forces exerted on them by the electric 
field, they produce other ions by collisions. If the intensity of 
the electric field is sufficiently high, ions are formed at a greater 
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rate than they are discharged or neutralised l)y coming into 
contact with oppositely charged ions or with the oppositely 
charged electrodes. The ionisation current then tends to increase 
indefinitely. 

To prevent a catastrophic increase of current, the intensity 
of the electric field in the gas must now be reduced. This will 
diminish the number of fresh ions formed by collisions as each 
individual ion passes through the rest of the gas and, })y reducing 
the intensity appropriately, the rate at which ions are formed can 
be made just equal to the rate at which they are discluirged 
or neutralised. The ionisation current then remains constant. 
Further reduction of the electric intensity would cause the total 
number of ions to diminish at a steadily increasing rate, and the 
ionisation current would die away to zero. 

To sLibilise the current in the manner just indicated, a series 
resistance may be included in the circuit if the source supplying 
the current provides a constant potential diffeience. Any 
increase in the ionisation current causes an increase in the 
potential difference absorbed by this resistance and produces a 
corresponding diminution in the potential difference between 
the electrodes in the tube. The ionisation current ceases to grow 
when the potential difference between the electrodes has fallen 
until it is only just large enough to maintain a constant degree 
of ionisation in the gas. With a series resistance of suitable 
magnitude the stabilisation is automatic, for, if the ionisation 
current begins to diminish owing to a diminution in the number 
of ions in the gas, the potential difference between the electrodes 
will immediately increase, causing an increase in the rate at 
which fresh ions are produced in the gas, and Hce versa. 

When once the gas has become largely ionised, the potential 
difference required to maintain any particular degree of ionisa¬ 
tion is markedly less than that required to create a similar 
degree of ionisation in the initial absence of ions. 

No stabilising resistance is required if the current supplied 
is pulsating and of low frequency, and if the pressure of the gas 
is very low, as in a “gas” X-ray tube. In such a case, most 
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of the ions arc neutralised during the intervals in which the 
supply P.I). is low or zero, and the ionisation current has to 
“ build up afresh during each pulsation. 

Expt. 266. Ionisation Currents in Gases, (a) Without in¬ 
dependent liberation of Electrons.—C-onnect a potentio¬ 
meter (resistance about 2000 ohms, current-carrying ca[)acity 
about 0'3 amps) across a battery, or D.C. mains, giving 200 
to 250 volts. // supply uiaitis are used, insert a, lamp 
resistance (p. 588) and connect the potentiometer between A 
and B (Fig. 297). A neon lamp, in series with a milliainrneter 
A, is connected between the tapping point and the negative 
end of the potentiometer, a voltmeter V (range 0-250 volts) 
being connected direct across these points (Fig. 315). 

Starting with a potential dillerence of about 100 volts 



Fui, :n.o.—Ionisation Current through Neon Lamp. 


across the lamp, increase this gradually and observe the value 
of the potential difference at which the lam[) first begins to 
glow. Then increase the potential difference in steps of about 
5 volts at a time, up to the maximum for which the lanp) is 
designed to be used (this will be marked on the lamp). Note 
the current registered on the milliamnieter for each value of 
the potential difference used. 

Now reduce the potential difference again, in stei)s of about 
5 volts, until the lani[) ceases to glow, taking corresponding 
readings of the milliammeter and the voltmeter. 

Plot a curve showing how the current varies with the 
potential difference, both as the potential difference is being 
increased and as it is being diminished. 

It will be observed that when the potential difference is being 
diminished, the lamp continues to glow when the [)otential difference 
is considerably below that at which the glow first set in when the 
potential difference was being increased. 
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If the experiment is repeated almost immediately, it will often 
]>e found that tlic glow begins again at a value of the potential 
difference appreciably below that at which the glow was first 
(jbtained. 

It is interesting to examine the spectrum of the glowing gas 
with a spectroscope and to map out the spectrum in terms of w^ave- 
lengths as measured on a wave-length scale, if the instrument is 
fitted with such a scale, or in terms of deviation if the spectroscope 
is adapted for angular measurements (Expt. 143, p. 300). 

The neon lamps obtainable commercially are fitted with a series 
resistance inside the cap of the lamp. This resistance is usually of 
the order of 2000 ohms ; its purpo.se is to stabilise the discharge 
through th(‘ lamp, as already explained. If a broken lamp similar 
to the lamp used in the experiment is available, its construction 
.should be examined and the value of the series resi.stance should 
be determined. Taking this as the value of the resistance fitted 
in the actual lam[) used, calculate the potential difference absorbed 
by the .series resistance for each of the observations made. Modify 
your curves to show the current through the lamp plotted against 
th(‘ actual potential difference between the electrodes inside the 
bulb. 

(h) With Electrons independently emitted from a 
hot electrode,—In working with soft diodes such as are used 
b)r charging accumulators from A.C. mains, luminous glows are 
usually observable in.side the bulb, showing that the gas in 
the diode is largely ionised. In all such in.stances tlie light 
emitted sliould be analysed spectroscopically and the nature 
of the gas should be identified from its spectrum. 

Certain of these valves give initially a reddish glow, which 
changes subsequently to a bluish-white colour, the change 
being accompanied by a marked increase in the current 
passing through the valve and a marked diminution of the 
potential ditierence acro.ss the valve. In these particular 
valve.s the current is carried at first by ionised argon, as the 
analysis of the reddish glow vshows. The valves contain 
mercury, however, and as the temperature rises, some of this 
is volatilised, and the space then contains an appreciable 
amount of mercury vapour. A potential difference of only 
5 or G volts is required to ionise mercury vapour, as compared 
with about 16 volts for argon. As a result, the current is 
eventually carried practically entirely by ionised mercury 
vapour, as is shown by analysing the bluish-white glow, which 
sliows only the spectrum of mercury. The potential difference 
across the diode will now be found to be of the order of 6 to 
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10 volts, whereas Avhen the glow was reddish the })otential 
difference was of the order of 16 to 25 volts. 

Experimental arrangements for showing these effects can¬ 
not well be described in detail, as there are many different 
makes of diodes, and the arrangements must be made to suit 
the i>articular type em[)loyed. A general schematic arrange¬ 
ment is indicated in Fig. 316. 


Ammeter 



Fro. 3U!.—Ionisation Ciirront through Dicxlo (the resistances 
and otluT aep^^f'^tus must be chosen to suit the particular 
typo of Diode being used). 


§ 6. Kectificatton by means of a Diode 

Exf*T. 207. Half-WaveRectification using a Single 
Diode. —If an alternating current supply is available, a “step- 
down” transformer giving a “secondary voltage” of about 10 
volts will provide a current suitable for use in this experiment. 
If alternating current is not available, a suitable sup[)ly can 
be obtained by means of a combined slip-ring and commutator 
system driven by a small high-speed motor. One slip-ring is 
connected to one commutator segment (or to alternate segments 
on the commutator), the other slip-ring being connected to the 
other segment or set of segments. The slip-ring brushes are 
connected to the terminals of an accumulator battery giving 
(say) 10 volts, connections being taken from the commutator 
brushes to the apparatus used in the experiment. Other 
methods of obtaining alternating current for the purposes of 
this ex[)eriment will suggest themselves to the student or 
teacher ; it is not necessary to describe them here. 

Connect the filament legs of the valve so that the filament 
is in series with an accumulator of suitable E.M.F., a rheostat, 
and a delicate ammeter of suitable range. It is convenient to 
connect the one side of the filament direct to the negative 
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terminal of the accumulator, the rheostat and the ammeter 
being inserted between the other side of the filament and the 
positive terminal of the accumulator (Fig. 317). 

Now connect the anode of the valve to one terminal of a 
micro-ammeter or galvanometer, the other terminal of which 
is connected to 
one of the leads 
through which al- 
ternatingcurrent is 
l')eing supplied for 
the puri)ose8 of 
the ex[>eri merit. 

The other supply 
lead is connected 
to the negative 
side of the fila¬ 
ment. 

Switch on the 

filament current with the rheostat set so that the maxiiiimn 
resistance is in the filament circuit. Observe the reading 
of the ammeter in the filament cii'cuit and the reading of 
the micro-ammeter or galvanometer in the anode circuit. 
Increase the current through the filament by altering the 
adjustment of the rheostat, and take readings of the anode 
current for each value of the curi'ent through the filament. 
Tabulate the results and plot a curve showing how the anode 
current varies with the filament current. 

If the “ voltage ” of the alternating current used in the 
ex[)eriment can be altered, as by using a larger secondary 
winding on the transformer or by using a larger number of 
accumulators across the slip-ring brushe.s, repeat the observations 
for one or two other values of the alternating current supply 
“ voltage.” 

It will be realised that the micro-ammeter or galvanometer 
in the anode circuit is indicating 'unidirectional current which 
is being obtained from a source of alternating current by 
means of the diode. The diode passes current w^hen the 
potential of the anode is positive relative to the filament, but 
not when the potential is negative, the diode transmits 
only the “positive” half of each current “wave” or 
alternation, and suppresses the negative half. This is 
known as “ half-wave ” rectification. 

Verify that the deflection of the micro-ammeter is in accord¬ 
ance with the above statement by sending a current through 



Fio. 817.—“Ilalf-Wave” Rectification by means of a 
Diode. (The symbol ~ is used to mean “.Source of 
alternating Current or Potential.”) 
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it in a known direction from a battery, and observing the 
ilirection in which the instrument pointer is defected. Take 
care to use a sufficiently large resistance in series ivith the 
instruinent to prevent risk of injury to the instr'unicnt, 

Notk 1.—If an alternating supply is available, the filuinent current may 
bo obtained from a subsidiary secondary winding on tlio transformer. 
The ammeter in the filament circuit must then be an alternating current 
ammeter, and a connection must be made between one end of one of the 
secondary windings and one end of the other secondary winding. 

Note 2.—If a two-electrode valve is not available, a three-electrode 
valve may be used, the grid and the plate being connected together by an 
external wire, thus virtually combining the grid and plate so as to form a 
single anode. Use only low anode potentials if this is done. 

Note 3. —The instrument used in the anode circuit must be chosen to 
suit, in its range, the particular type of valve being used. Alternatively, 
if a sensitive type of instrument is the only one available, it should be 
provided with shunts to enable the sensitivity to be varied in a known 
(previously determined) manner. 


Expt. 268. Full Wave Rectification, using Four Diodes. 

-If four shnilar valves are connected together in the manner 
shown in Fig. 318, full-wave 
rectification can be obttiined. 
Each filament must be [irovided 
with a separate source of heating 
current and must have its own 
separate rheostat for regulating 
the current through the filament. 
Similar sets of components should 
be used in all the heating circuits ; 
these circuits should, also, be 
insulated from each other, except 
those connected to R. 

The leads from the alternating 
current source are connected to 
P and Q, while R and S are con¬ 
nected to a micro-ammeter or 
galvanometer (see Note 3, above). 
Adjust the filament currents 
so that they are all of equal value, as nearly as can be 
judged, and verify that the microammeter is deflected in the 
manner corresponding to the flow of current from R to S. 

Quantitative measurements cannot be made in this experi¬ 
ment without the use of a number of instruments, some of 
which are of types not usually available in an elementary 
laboratory. 

Full-wave rectification can be obtained with a single valve of 



Fio, Sl8.—“ Full-Wave ” Rectifica¬ 
tion using Four Diodes. (The 
dotted arrows indicate the direc¬ 
tions in which the current (i»o.si- 
tive.) is transmitted by the valves.) 
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the diode type if two anodes are fitted in the valve and if the 
transformer has a centre “tapping” in its secondary winding. 



Fin. 310.—Variation of Anode Cur¬ 
rent with Anode Potential and 
with Filament Current (Diode). 


§ 7. Variation op Current with Potential 
Difference in a Diode 

Expt. 209. Variation of Anode Current with Potential 
Difference across the Valve (Diode). —Connect the filament 
in series witli an accumulator and 
a rlieostat, with a delicate ammeter 
of suitable range ahso in the circuit 
(Fig. 319). Now join tlio nega¬ 
tive terminal of a high-tension 
battery to the negative side of 
the filament, and connect the 
plate of the valve to one terminal 
of a micro-ammeter or galvano¬ 
meter provided with various 
shunts which can be put into 
use as recpiired (.see Note 3, Expt. 267). A wire is brought 
from the other terminal of this instrument for connecting to 
various “tapping” points on the high-tension battery. 

Switch on the filament current and adjust it to some 
jiarticular value. Apply various potentials to the jilate of 
the valve by connecting the wire from the micro-ammeter to 
suitable points in the high-tension battery. Measure the 
potential difference between the plate and the filament by 
means of a voltmeter connected between the “tapping” wire 
and the negative side of the filament, and read, also, the 
current indicated by the micro-ammeter or galvanometer. 

Try the effect of applying small potential differences in 
the reverse direction, Le. making the anode negative with 
res])oct to the filament. 

Tabulate your results and plot a curve showing the varia¬ 
tion of anode current with potential difference between the 
anode and the filament. 

During the whole of this series of observations the filament 
current should have been kept constant. 

Now increa.se the filament current a little and repeat the 
whole series of observations. Five or six sets of observations 
should be taken in all, each set corresponding to a different 
value of the filament current. A curve should be plotted for 
each set of observation.s. 

It is interesting to compare the behaviour of different types 
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of valves in this way. Ordinary triodes may be used with 
the plate and ^rid connected together, as explained in Note 2 
(Expt. 207). IJ triode is used it is not sufficient to leave 
the grid insulated^ as it would then ac^juire a negative charge 
from the electrons impinging upon it^ and its potential would 
not he constant during the experiment. 

Expt. 270. Variation of Anode Current with Filament 
Current (Diode). —The valve is connected up as already 
described in Expt. 269. The lead from the micro-ammeter is 
connected to a selected point on the high-tension battery so as 
to throw (say) 20 volts across the valve, i.e. between the j)late 
and the negative side of the filament. The filament current 
is then caused to vary from zero, by small steps, up to the 
maximum the filament will stand without risk of burning out, 
and corresponding readings of the anode current are taken. 
A curve showing the variation of anode current with filament 
current is then plotted. 

The observations should then be repeated, using different 
potentials api)lied to the anode, curves being plotted to 
show the results obtained with each of the various potential 
differences used between the anode and the filament. 

During each set of ohse?'vations the jyotential difference across 
the valve should be kept consta7it. 

Comparisons should be made between different types of 
valves, “bright” vaFves and “ dull-emitters ” (triode type) 
being u.sed if necessary, connected so as to act as diodes, as 
already exjfiained. 

When difierent types of valves are being compared in this 
way, the tvatts dissipated in the filament should be obtained 
for each valve when the potential difference across the filament 
is equal to the maximum recommended by the valve maker. 
The corresponding anode currents should be measured for 
different values of the anode potential and compared with 
each other and with the power dissipated in the filaments. 
In this way the emission efficiency of tlie filaments can be 
compared, provided the valves are sufficiently hard or the 
anode potentials are sufficiently low for ionisation effects to be 
neglected. 

§ 8. Valve Characteristics 

TRIODES (THREE-ELECTRODE VALVES) 

The properties of triodes described in § 3 are most con¬ 
veniently expressed in the form of characteristic curves. 
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From the characteristic curve of a valve the suitability of the 
valve for one purpose or another can be deduced, or the 
conditions under which it will operate in one way or in another 
can be predicted. The way in which the characteristic curve 
of a valve can be obtained, and the way in W’^hich certain 
quantitative properties of the valve can be deduced from this, 
arc described below. 


E\i»t. 271. Variation of Anode Current with Grid 
Potential — Characteristic Curve of a Three-Electrode 
Valve (Triode). —Connect the filament legs of the valve 
in series with an accumulator, a rheostat, and a sensitive 
ammeter. Connect the grid leg to a wire which can be taken 
to suitable ta})pings in a small grid-bias battery, and connect 
the j)late leg to one terminal of a milli-ammeter, the other 
terminal of which can be connected to various tappings on a 
high-tension battery. Connect the negative terminal of the 
high tension battery and the positive terminal of the grid- 
bias battery to the n(‘gative terminal of the accumulator 
which sup}‘lies current to the filament (Fig. 320). 

Adjust the filament current to some suital)le value and 
connect the milli-ammeter to a tap})ing on the high-tension 
battt'ry so as to inq)ress 
a dilfereiico of })Otential 
of (say) 20 volts between 
the plate and the filament 
(negative end). 

Now connect the grid 
to various ta})})ings on the 
grid-bias battery in turn, 
starting at a point which 
will impress upon the grid 
a potential some 15 to 20 volts than the jx>tential of 

the filament and raising the grid potential in stei)s of 2 volts 
or less. Note the anode current corresponding to each 
value of the grid potential. Continue the observations 
with positive potentials applied to the grid, these being 
obtained by connecting the grid wire to tappings on the 
high-tension battery or by using the grid-bias battery with 
its negative terminal connected to the negative side of the 
filament. The final potential applied to the grid should 
not exceed + 20 volts except with valves of robust con¬ 
struction (see Note, p. 624), 



Fio. 320.—Determination of Charactenatic 
Curve of a Tiiode. 


X 
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During these observations the filament curreiit aiid the anode 
^ jH)teniial must he kej^t 

^ “ jts co7istanf. 

J*k)t a curve showing 
the variation of anode cur¬ 
rent with grid potential. 
This is called a character¬ 
istic curve of the valve 
(Fig. 321). 

Keeping the filament 
current unchanged, in¬ 
crease the anode potential 
by 10 or 20 volts and 
repeat tlie observations, 
plotting these on the same 
axes as before. Take a 
GRID POTENTIAL (Volts) number of sets of observa- 
“ ^ , tions, increasing the anode 

Fia. 321.—Characleujittc Curves of a Inode. ^ V. • i i 

potential by 10 or 20 volts 
after each set, and plot the corresponding characteristic 
curves all on one set of axes. 



Note, —The electrodes are subjected to mechanical forces wlieii they are 
at different i)otentials, and the iilanient may bo broken if the potential 
dilferenco between it and the grid or anode is made too large. The maximum 
difference of potential depends on the construction of the valve. For 
low anode voltages the grid potential may be increased until the characteristic 
curve begins to bend over at X, X (Fig. 321), but not with high anode voltages. 


(a) Calculation of the Impedance of the Valve. —In 
general, for a constant grid potential, an increase of potential 
difference between the anode and the filament results in an 
increased current (anode current) through the valve. But the 
** resistance ” of the valve, calculated as V/C, is not constant; with 
large negative grid potentials, for example, it is practically infinite. 

A curve showing variation of anode current C with anode 
potential V, when the grid potential is asgro, is approximatedy 
straight over a considerable range. (Draw the curve to verify 
this.) Within this range a change 6 V in the anode potential 
divided by the corresponding change 3 C in the anode current 
is substantially constant. The quotient 5 V/S C has the dimen¬ 
sions of a resistance, and it is, in fact, the effective resistance 
of the valve in so far as changes of anode current due to 
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changes of anode voltage ane concerned. It is called the 
Impedance of the valve, and, since variations of anode potential 
must occur in all amplifying systems using valves (see p. 629), 
this quantity SY/SC, not V/C, is the “resistance” with which 
we are concerned in the ordinary use of a valve. Alternative 
names for 8 Y/8 C are Anode Slope Resistance and Differential 
Anode Resistance. Determine 6V/SC; it is the reciprocal of 
the slope of the curve showing variation of anode current with 
anode potential at zero grid potential. 

From the first set of curves, determine what change of anode 
current occurs for eacli of the steps by which the anode potential 
was changed, taking the values correspondii\g to zero grid potential, 
i.e. the values corres[H>nding to the intersections of the curves with 
the vertical line (ordinate) drawn to represent zero grid potential. 
Arrange the values as in the following table—this tjible is made up 
on the assum[)tion that the anode potential was increased in steps 
of 10 volts between consecutive sets of observations. 


Grid Potential Zero 


Ano<lft 

Potential 

V (volts). 

« V. 

Anode Current 

C (tnilHamperes). 

6 C. 

6 V 

6 C 

(ohnis). 

Corresi>onding 
Mean Anode 
Potential. 

40 


1 -3 





>10 


0*2 

50,000 

45 

50 


1*5 






0-22 

45,500 

55 

60 


1*72 





Nio 


0-25 

40,000 

65 

70 

/ 

\ 

1-97 1 





Mo 


0-32 

32,500 

i 75 

80 

/ 

2-29 



1 


If the valve is intended to be used with an anode potential 
between 50 and 60 volts, its impedance would be rated at about 
45,000 ohms. This valve would be suitable for use as a high- 
frequency amplifying valve with almost any tyj>e of “coupling” 
between the high-frequency circuits, or as an amplifying valve for 
“ Resistance-Capacity Coupling ” either for high- or low-frequency 
amplification. 

{h) Calculation of the Amplification Factor.—For a given 
potential on the grid, a change of anode 2 >otential from (say) 
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50 volts to 60 volts, will produce an increase of anode current 
which we will denote by x milliamperes. If, however, the anode 
potential were kept constant at 50 volts, a similar increase of 
anode current could be obtained by a small increase of grid 
potential. 

The ratio between the increase of anode potential required 
to produce a certain increase of anode current and the in¬ 
crease of g'rid potential which would cause the same increase 
of anode current, is called the ampliftcation factor of the triode. 

If, for example, the curves in Fig. 322 arc portions of the 
characteristic curves corresponding 
to anode potentials of + 50 and 
+ 60 volts, }^Q repi‘esents the in¬ 
crease of anode current for an increase 
of anode potential of 10 volts Avhen 
the grid potential is zero. QK repre¬ 
sents the increase of ‘giid potential 
which will produce an increase in 
anode current also represented by 
PQ. Taking QR as representing an 
increase of grid })Otential equal to 
0*54 volts (see figure), we thus obtain 

Amplification Factor = ^31^ = 18*5. 



Fio. 322.—Calculation of Amplili- 
catiou Factor. 


From two of the characteristic curves obtained in ExjU. 271 
(first set, with constant filament current throughout), calculate the 
amplification factor corresponding to zero grid potential, and also 
the factor corresponding to some higher value of the grid iiotential. 
From a different pair of characteristics, calculate two other values 
of the amplification factor corresponding to similar values of the 
grid potential. Observe that the amplification factor of a valve is 
not constant, but increases as the grid potential is raised and also 
as the anode potential is increased. 

Another method of calculating the amplification factor is to 
determine the gradient of one of the characteristic curves and 
to multiply this by the impedance of the valve. The value 
taken for the impedance must be that corresponding to the 
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anode and grid potentials at the point where the gradient is 
measured. Thus, if an increase of grid potential by 1 volt 
increases the anode current by 0*4 railliamperes, and if the 
impedance of the valve is (say) 45,500 ohms, we have 


Amplification Factor Impedance x 


increase of anode current 
increase of grid potential 


-45,500 


0-4 X 10-3 


= 18-2. 


As has already been indicated, the amplification factor of a 
valve is not a consUint property of the valve. For small changes 
in the giid potential and for changes of a few volts in the anode 
l)otential, the amplification factor is sensibly constant provided 
these changes occur within that portion of the characteristic 
curve diagram in which the characteristic curves are 
practically straight, i.e. for any particular anode potential 
there is a certain range over which the grid potential can 
be varied such that equal changes of grid potential within 
this range will cause equal changes of anode current. 

Over the curved portions of the characteristics, however, the 
amplification factor varies rapidly as the grid potential is 
changed. Over these portions an increase of grid potential 
from some initial value causes a greater change (increase) 
in the anode current than the change (decrease) which would 
be produced if the potential of the grid were decreased to 
an equal extent below its initial value (see also §§10 and 11). 

The gradient of a characteristic curve measures the mutual 
conductance of the valve, Le. the rate of change of anode 
current with grid potentiaL 


§ 9. Grid Current 

Unless the grid is connected to some source of constant 
potential, it will tend to acquire a negative charge due to the 
electrons intercepted by it. To maintain the grid potential 
constant, a current must flow to the grid, the strength of this 
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current being sufficient just to neutralise the electrons as rapidly 
as they accumulate on the grid. The effect of this grid current 
may be very disturbing in wireless reception with valves; the 
grid current, also, militates against the satisfactory ap 2 )licalion 
of valves in many ways for which they might, at first sight, 
appear to be particularly suitable. 





UH'li 


Fio. 323.—Measurement of Grid Current. 


Expt. 272. Measurement of Grid Current. — To measure 

the grid current the grid is 
connected to a galvanometer or 
micro-ammeter, the other ter¬ 
minal of which is connected to 
the grid-bias battery or to the 
high-tension battery, according 
to the potential it is desired to 
apply to the grid (Fig. 323). 
The other connections are 
exactly the same as are used 
for determining the form of the characteristic curves of the 
valve (Expt. 271). 

The filament current is suitably adjusted, and the desired 
anode potential is ap¬ 
plied. These are kept 
constant. The grid poten¬ 
tial is now varied in steps 
from a value (say) 15 or 
20 volts below the poten¬ 
tial of the negative side 
of the filament to a value 
a[)preciably positive. If 
desired, the grid potential 
can be raised until it is 
above that of the plate, 
but if this is done the 
galvanometer or micro- 
ammeter in the grid cir- 



Fio. 324.—Variation of Grid Current with Grid 
Pot<u»tial (Dotted Curve) with corresix)ndin}i 
Characterietic Curve (Pull Line). 


cuit must be provided with shunts for use when the higher 
grid potentials are applied. 

The anode current may as well be measured for each of the 
potentials applied to the grid, so that the curve showing the 
grid current plotted against grid i>otential can be shown on 
the same diagram as a characteristic curve taken at the same 
time (Fig. 324). 
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§ 10. The Tuiode as an Amplifier 

It is pointed out at the end of § 8 that for any particular 
anode potential there is a certain range within which changes 
of the grid i>otential will produce apiiroximatcly proportionate 
vaiiations of anode current. Over this range the valve can be 
used to ]>roduco amplification, but, since the term amplification 
can only be used as between two quantities of the same type, 
we must, In order to produce true amplification, use the 
valve in such a way that a change of potential at the 
grid causes a larger change of potential at the anode or at 
some point in the anode circuit. This idea is implicit in the 
definition of Amplification Factor given in § 8. 

Direct comiection of the anode to the high-tension battery will 
obviously maintain the anode potential constant if, in addition, 
the negative side of the high-tension battery is connected direct 
to the negative of the low-tension battery. Witli such an 
arrangement it will not be possible to “ amplifythe potential 
variations impressed on the grid. If, however, a resistance 
be inserted between the anode and the high-tension battery, 
or between the low-tension and high-tension batteries^ any change 
of anode current will cause a change in the potential difference 
between the ends of this resistance (Figs. 325 (a) and {b )). 




Fin. 825.—Amplification by means of Resistance (PQ) in Anode Circuit. 

With either arrangement, one end of the resistance is main¬ 
tained at a constant potential; the potential of the other end 
will vary, therefore, by an amount equal to the whole of the 
change of potential difference produced in the resistance by any 
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change in anode current. In the Figures shown, the ends of 
the resistance marked P will be kept at constant potentials, 
all the changes of potential diflerence being thrown on to the 
ends marked Q. 

The change of potential produced at the point Q by any given 
change of anode current, will be proportional to the pi*oduct 

(Resistance between and Q) x (change of anode current). 

With either of the arrangements shown, the anode potential 
will vary in the same way as, and to the same extent as, 
the potential of Q, Increase in the anode current will cause 
the potential of Q to fall, and will cause an equal diminutioji 
in the potential of the anode, Le, in the potential dillerence 
between the anode and the filament. 


E.kf't. 273. Amplification produced by a Triode with 
a Resistance in the Anode Circuit. — Delerniine three 



Fio. S26. —Impedance and Ainpliti- 
cation Factor of a Valve from 
three Characteristic Curves. 


characteristic curves of a valve 
for anode potentials of 40, 50 and 
60 volts and for some known con¬ 
stant value of the filament cur¬ 
rent. Choose some point H on 
the straight part of the 50-volt 
characteristic (Fig. 326) and cal¬ 
culate the impedance of the valve 
for the grid potential correspond¬ 
ing to the point B and for a viean 
anode potential of 50 volts. This 
is done by taking the anode cur¬ 
rents corres[)onding to the points 
A and C on the 40-volt and 60- 


volt characteristics respectively and dividing their difference 
by 20 volts (see 8, Expt. 271, section (a)). 

From the grtidient at the point B and from the value just 
obtained for the impedance, calculate the amplification factor 
for the valve when used under the conditions corresponding 
to the point B. 


Amplification Factor = Imi)edance x gradient ^in 
(see § 8, Ex[)t. 271, section (/>)). 


amps. 

volts 


Check this result by calculating the ami>lification factor 
in accordance with its definition (§ 8, Expt. 271, section (b)). 
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Four values will be obbiined by this second method, cor¬ 
responding to the quotients 


10 10 

CD ^ DK’ 


10 
FB ’ 


and 


10 

GA 


(see Fig. 


32G). 


The values CH), BF, FB, and GA, are expressed in terms 
of difference of grid ]>otcntial (in volts). The mean of these 
four values of tlie ami)lilication factor is taken. This should 
agree, within a small percentage, with the value calculated 
from the gradient at B and the impedance. 

Now adjust the grid potential to the value corresponding 
to the point B and connect a voltmeter (range 0 to 100 
or 0 to 200 volts) between 
the anode and the high- 
teiision battcay (Fig. .327). 

The resistance of this volt¬ 
meter should bc^ known 
([)reviou.sly determincal) ; 
if available, a voltmeter 
having a resistance higher 
than the inq>edance of the 
valve should be used. 

Switch on th(i filament 
current and adjust this to 
have the same value as that 
used when the characteristic curves were lx?ing taken. This 
will cause a detlection of the voltmeter By connecting to 

different tappings on the high-tension battery, the deflection 
of this voltmeter will be cau.sed to vary, incri^ased })otential of 
the tapping point causing increased deflection of the volt¬ 
meter. 

Choose a tapping on the high-tension battery such that 
the potential difference v between this point and the filament, 
less the reading of the voltmeter is etpial to about 50 

volts, preferably slightly greater than 50. The potential 
of the tapping jKnnt measured on the voltmeter V being v, 
and the potential drop through the voltmeter being 
we shall have 

Potential of anode = v - 7q, 

and this has been adjusted so as to be about 50 volts. 

Now increase the potential of the grid by some small 
amount such as 0*5 to 2 volts (for changes of grid potential 
smaller than 1*5 or 2 volts a potentiometer system instead of 

x2 



Fio. 827. —Measurement of Amplification 
obtaineil by means of a Resistance in the 
Anotle Circuit. 
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a grid bias battery will Ikj found useful). Observe the in¬ 
creased deflection of the voltmeter V^. Tbe chamje of reading 
of this voltmeter divided by the chmu^e of grid ]>otcntial by 
which it is produced, gives the aniplideation obtained with 
the jmrticular arrangement employed. 

Next diininlsh the potential of the grid by the same 
amount as it was originally increased, and determine the 
amplification now produced. If the potential initially 
applied to the grid was properly chosen, the amplification 
obtained when the potential of the grid is diminished below 
the initial value should be the same as that obtained 
when the ]>otential of the grid is raised above the initial 
value. 

Now shunt the voltmeter Vj by a high resistance shunt 
S (of the order of 10,000 to 20,000 ohms) and rej)eat the 
observations d(iscribed above, having first readjusted the value 
of V by choosing a tap[)iug such that v - is again slightly 
greater than bO volts. Observe that the amplification 
obtaiiK'd is now less than before. 

He peat tlio experiment for three or four values of S, taking 
care to make v - equal to some value just greater than bO 
volts for each value of S. 


The voltmeter and the shunt S play the part of a high 
resistance in the anode circuit, their equivalent resistance being 

equal to --—where is the resistance of the voltmeter and 


aS is the resistance of the shunt. The amplification obtained 
will bo found to vary almost in direct proportion to the 
equivalent resistance in the anode circuit, provided v — Vj is 
always adjusted to the proper value (50 volts or slightly 
more). 

If possible, calculate what value of the shunt resistance S 
will cause the equivalent resistance in the anode circuit to l)e 
equal to the calculated im]>edance of the valve. Measure the 
am[)lification obtained when the shunt is adjusted to have this 
particular value. This .should be approximately equal to the 
amplification factor calculated in the earlier part of the 


experiment. 

Tabulate your observations as below : 

Grid Potential (initial value) 4 volts. 

Anode Potential (normal value) 50 volts. 

Impedance of Valve (from characteristic curves) 12,500 ohms. 
Amplification Factor (from characteristic curves) 7*5. 
Kesistance B of Voltmeter V (0 to 200 volts) 25,000 ohms. 
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Shunt 

Grid 

Potential 

&g. 

Hwadin*;' 
«)f Voll- 
nnitcr in 
Ano<lo 
Circuit 
vi (volts). 

6j’i. 

Arnpli- 

lication 

5'/. 

Equivalent 
Hesistanco of 
Anodo Circuit 

S (ohms). 

g (volts). 





^ -or. 

Od-O 

^841 

1(3 


Cf) 

•4 () (normal) 
4-5 

+0-5 

104 0 
n IS 

^7-8 

ir.4; 

2.0,000 

2 :>,ooo 

i . 

4-0 (normal) , 

|>-or> , 

1 

r.o-u 

I .04-0 

> 4-0 

80 
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riot a curve sliowing the variation of ainplihcatiori with 
e(|uivalerit resistance in the anode (‘ircuit. 

Now put the voltmeter Vj betweim the negative side of the 
high-tension battery and the neg.'!.tive sid(i of the low-tension 
battiny, connecting the anode direct to the tapping on the 
liigh-tensiuu battery, and repeat the experiments just made. 
Chjiupare the results obtained in this way with those previously 
obtaiiunl with the voltmeter between the anode and the 
positive tapping on the high-tension battery : they should 
agree very closely. 

An anode resistance, i.e, a resistance in the anode circuit, can 
be applied universally^ irrespective of the way in which tlie grid 
potential varies. For periodic variations of the grid potential, 
however, apparatus of low resistance but possessing self-induct¬ 
ance may be used iu the anode circuit, with the advantage that 
there is a relatively small “ voltage drop between the positive 
terminal of the high-tension battery and the anode. With an 
inductive anode circuit, however, the amplification depends on 
the frequency of the variations of potential applied to the grid, 
and, also, is somewhat “ distorted ” if iron-cored apparatus is used. 

If, for example, the primary coil of a transformer is inserted 
in the anode circuit, an alternating “Back E.M.F.” will be set up 
in this coil by any periodic variation of the anode current, the 
back E.M.F. being determined by the self-inductance of the coil 
and by the frequency of the variations of the anode current. The 
degree of amplification obtained is the ratio between the ampli- 
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tudes of this back E.M.F. and tlie variations of grid potential. 
The inductive component of the impedance of the coil is pro¬ 
portional to the self-inductance of the coil and to the frequency 
of the variations of grid potential. For satisfactory amplification, 
the coil should have a self-inductance such that, for the range 
of frequencies likely to be present in tlic variations of potential 
impressed on the grid, the impedance of the coil will be of the 
same order of magnitude as the impedance of the valve under the 
conditions in which it is being used. Thus, for liigh-frequency 
amplification, an air-core transformer would be used, with not 
more than fifty turns in the primary (average diameter 2 inches) 
for frequencies of the order of 1 million vibnitions per second 
(wave-length of corres])onding electro-magnetic waves = 300 
metros). For low-frequency amplification, however, an iron- 
core transformer wound with very many turns of wire would 
be used, since, for amplification of audible frequencies, the self- 
inductance of the coil in the anode circuit would require to 
be of the order of one to four thousand times that used for high- 
frecpiency amplification, if both coils were to have the same 
order of impedance. 

High-frequency or low-frequency ‘‘choke-coils” could be used 
instead of the primary coils of transformers. 

For “ passing on ” the amplified potential variations obtained 
with one valve, so as to impress these on the grid of a succeed¬ 
ing valve, some “coupling” device is used. With an anode 
resistance or a choke-coil in the anode circuit, a “ grid condenser ” 
cou})ling is used in conjunction with a “gi id-leak.” The func¬ 
tions of these are explained in § 12. With a transformer in the 
anode circuit, coupling is provided by the primary and secondary 
coils, one end of the secondary coil being connected to the grid 
of the second valve, the other end being connected to a grid bias 
battery or to the negative side of the filament of the second valve. 

§ 11. The Triode as a “Rectifier” 

A triode does not act as a rectifying valve, but by causing it 
to give unequal amplification for equal positive and negative 
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variations of the grid potential, it cjin be made to produce, in 
tlie anode circuit, effects simulating partial reetifleation. 

This can })e seen at once from the characteristic curve 
diagram shown in Fig. 328. 

A point B is chosen on the curved part of the characteristic, 
and the noi-mal pc^tential of the grid is caused to have a value 



Fio. 328.—Pseudo-Rectifying Action of Triode due to uneciual amplifica¬ 
tion for equal positive and negative changes in Grid Potential. 


corresponding to this point. If, now, the potential of the grid 
is Cfiused to vary regularly between the values corresponding 
to the points X and Y, this symmetrical variation of the 
grid potential will result in an asymmetric variation of 
the anode current. The regular symmetrical variations of 
grid potential are re})resented by the dotted curve below the 
characteristic curve, the corresponding asymmetric variation of 
anode current being shown by the full line periodic curve to 
the right of the characteristic curve. 

The anode current can be considered as a steady current equal 
to the initial anode current (see figure) with a partially rectified 
alternating current superposed on it. The valve can thus be 
used to produce an effect which simulates partial rectification. 
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Expt. 274. Pseudo-Rectification produced by a Triode.— 

Connect a triode valve and other accessory apparatus as shown 
in Fig. 327. It is assumed that a cljaracteristic curv(‘ has 
already been obtained for the valve when a known lilanient cur¬ 
rent and a known anode potential (say 50 volts) are ein}>loyed. 

By means of the grid bias battery or a potentiometer, 
a[)ply a [)otential to the grid, corres]bonding to a }>oint B 
on the curved ])art of the characteristic (Fig. 328). Switch 
on the filament current and adjust this to the value used 
when the characteristic curve wa.s taken, then select a t<r[)piDg 
on the high-tension battery such that v - Pj is ai)i)roxiniately 
50 volts (see Ex[)t. 273 and Fig, 327). 

Now incH'ase the pottmtial of the grid by some quite small 
value {e.g. 0-05 or 0*1 volt), and observe the change in the 
reading of the voltmeter V,. Now make the potential of 
the grid lower than that corresponding to the point B, by a 
similar small amount, and again observe the change in the 
reading of the voltmeter Vj. 

Repeat the experiment, making the grid pobrntial alternately 
higher and lower than its initial value, using progressively 
increasing changes of potential on the grid. 

Tabulate the results as below : 

Normal or Initial Grid Botciitial (corresponding to point B) 
— 4 volts. 

Normal Anode Potential —50 volts. 


Grid 

Potential 
g (volts). 


i ^'A\ I 
(poKil.ivu). (ne-aljve)- 


-4 U (normal) ' 
-4-1 j 


-4 0 (normal) 
-4-3 

-30 

-4 0 (normal) 
- &•() 


> -f-O-l 
i > -1-03 

' > +10 


> -O-l 

> -0-3 

> -1-0 


Head in;,' 
of Volt¬ 
meter in 
AhimIo 
circuit 

I’l (volts). 

Sv'x 
corre- 
spondmg 
to 8gi. 

5v ", 
corre- 
sjxmding 
to Sgy. 

(per cent.) 

ISO 

17-<; 

17‘2U>) 

>04 

>o.r, 

6-4“"’ 

1+0 1 

17-<1 1 

170 1 

>1.4 

> 00 

, 100> 0.8_ J 

t_ : ;; .... 

‘25-0 

17 0 ! 

1117 j 

>V4 

>00 

100x(>..'J_^~ g ,, 

“~7T ' " 


Th(; figures in the final column give a measure of the 
percentage rectification ” effect corresponding to difierent 
amounts of ])otential variation on both sides of the mea7i grid 
potential. Observe that this effect increa.ses rapidly as the 
amplitude of the variation of the grid potential is increased. 
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This pseudo-rectifying action of a valve is utilised in wireless 
telephony reception, the detector valve being caused to produce 
unequal aniplilieation for equal positiA^e and negative potential 
variations impressed on tlie grid. The effects obtained in this 
way arc, so far as audibility of signals is concerned, of the same 
type as those obtained by true rectification such as is produced 
by a crystal detector or a diode. 

Since the pseudo-rectification becomes much more efficient as 
the potential variations impressed on the grid are increased in 
am[)litu(lc, weak signal strength can be much increased by using 
high-freciuency amplifying stages preceding the detector valve. 
If the high-frequency stages produce an amplification of (say) 10, 
the resulti^ig signal strength may often be of the order of 30 or 
40 times greater (with very weak signals much greater still), owing 
to the more efficient “rectification'^ of the amplified potential 
oscillations now impressed on the grid of the detector valve. 

An improvement in signal strength can ])e also obtained by 
the use of a reaction coil in the anode circuit (see § 12). The 
variations of anode current arc made to induce electro-motive- 
foi ces in the grid circuit. These are in the same direction as the 
surges taking place in the grid circuit and so reinforce these 
surges. As a result, the variations of potential at the grid are 
increased, giving rise to increased variations in the anode current, 
and to a higher percentage “rectification'’ of that current. 
Reaction must be used Avith care, hoAvever, otherwise the system 
may become unstable and the valve will then act as a greneratop 
of oscillations (see 12). 

§ 12. The Tutode as a Generator of Oscillations 

A trio<le can be made to grenerate electrical oscillations, or 
alternating current of high frequency, by connecting the grid to 
a circuit having a natural frequency (Chap, XI, § 5) and by 
causing the anode current to pass through a suitably situated 
coil RC called a reaction coil. 

In Fig. 329 the grid circuit consists of the coil L and the 
(variable) condenser C. For the moment we will consider the end 
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X of the coil L to he connected dived to the s^rid of the valve, 
imagining tlie condenser GC (the grid-eoupling condenser) and 



Fio, 329, —Production of Oscillations by means of a 
Triodc. If an aerial wire is connected a.s shown 
dotted, the system will radiate electro-magnetic 
waves when in oscillation. The inilliannnetcr in 
the anode circuit can be used to indicate wlien 
oscillations begin (Expl. 275). 


th(i high resistance GL 
(the grid-leak) to be 
non-existent. 

Suppo.se that an acci¬ 
dental elecTrical impulse 
is created in the grid 
circuit. Then, as has 
already been explained 
in theprecediiigchapter, 
this electrical impulse 
will set up oscillations 
of definite frequency in 
this circuit, which oscil¬ 


lations will die away more or less rapidly unless caused to persist 
in some by energy received from outsi<le the circuit. Since 
the potential of one end of the coil L is kept constant, all 
the variations of potential due to these oscillations will be 
thrown on to the end X and on to the condenser plates con¬ 
nected to X. These potential variations will he communicated 
to the grid of the valve and will cause cori’cspoiiding variations 
in the anode current, i.e, in the current tiovving through the 
coil RC. 

This coil is placed close to the grid circuit coil L, so that the 
two coils have an appreciable mutual inductance, i.e. any 
variation of current in one of the coils will produce an appreci¬ 
able electro-motive force in the other coil. The variations of 
the current in the reaction coil RC will thus induce an E.M.F. 
in the coil Ij, and, if these coils are connected the proper way 
round, the E.M.F. induced in L will reinforce the surge taking 
place at that moment in L. This eflect occurs practically 
iiKstantaneously ; the Initial surge in L is thus reinforced by 
the effect it gives rise to and so increases this effect, causing 
a greater variation in the current through RC. This, in turn, 
further increases the surge in L, and so the surge in L and the 
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eurrent in RC both tend to increase indefinitely: the system, 
in fact, has a tendency to become unstable. 

The potential of the anode falls, however, as the current 
through RC increases, this fall of potential being due, in the 
main, to the “Back E.M.F.” induced in RC due to the rapid 
increase of current through this coil. As a result of the reduction 
of the anode potential, there is a counter-tendency for the anode 
current to diminish. This current will cease to increase when 

the anode potential falls to a sufficiently low value, or it may 

cease to increase before this stage is reached, since the maximum 
anode current is limited by the electron-emission from the 
filament. 

The maximum current through RC is thus limited by one or 
other of these causes, and so also is the maximum rate of increase 
of current through RC. This, in turn, limits the maximum 
K.M.F. induced in the coil L and the maximum charge accumulated 
on the plates of the condenser C. 

When this maximum is reached, the charge on the con¬ 
denser C begins to surge back through the coil L, and the 

processes described above now occur in the reverse way, i.e. 

the current through RC begins to diminish, the E.M.F. thus 
induced in L assists the discharge of the condenser through L, 
and so on. 

Whether or not this “discharge” surge will be less intense 
or more intense than the original surge depends, among other 
things, on the amount of electricity which has accumulated on the 
condenser C, but to discuss the problem completely is outside 
our present scope here. It is sufficient to say that if this second 
surge is greater or more intense than the initial surge, the system 
will “build up” as before and will be set into permanent 
oscillation. If, however, the second surge is less intense than 
the first, successive surges will become weaker and weaker and 
the oscillation started by the initial accidentiil surge will die 
away. 

The circuit shown is one commonly used in wireless reception; 
it is not a very efficient type of circuit for the production of 
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oscillations, but it will serve to illustrate how such oscillations 
can be generated by means of a Triode. 

The interposition of the grid condenser GC instead of con¬ 
necting the coil L direct to the grid, permits of the potential 
variations at X being communicated to the grid without the 
grid ])otential being necessarily the same as the potential at X. 
If, for example, the potential at X becomes positive, a positive 
charge will be given to the condenser plate connected to X. 
The plate connected to the grid will acquire an equal negative 
charge by induction (electro-static), and a positive charge of the 
same magnitude will be induced on the grid. The grid condenser 
GC thus acts as though it were a conductor through which a vart/ing 
current can flow, hut through 'which a condavt difference of 
will cause no current^ i.e. if the potential of the plate connected to 
X is constant, no current will flow into or be induced on the grid 
as a result of the presence of the condenser GC, whatever be the 
difference of potential between the [dates of this condenser. If, 
on the other hand, the potential of X varies, induced charges 
will be produced on the grid and the potential of the grid will 
vary in the same way as the potential of the point X. 

But if the grid were left insulated, it would acquire a negative 
charge and potential from the electrons which are intercepted 
by it. The high resistance grid-leak GL is used to conduct 
these charges away as they accumulate. The resistance of the 
grid-leak is so high, however, that no a})preciable proportion of 
the induced charges can be conducted away through the leak 
during so short an interval as elapses before the sign of the 
induced charge is reversed by the reversal of the potential of 
the point X {Le. during one-half of an oscillation period). Thus 
the combination of grid-leak and grid condenser enables the 
oscillations of potential at the point X to be communicated to 
the grid, while allowing the mean potential of the grid to be 
varied at will. 

To vary the mean grid potential the lower end of the grid- 
leak is connected to a grid bias battery as shown; the actual 
potential of the grid will be lower than the potential of the 
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tapjiing to which the grid-leak is attached, owing to the small 
current flowing through the grid-leak. The potential drop 
between the tapping and the leak is equal to 

Grid Current x Resistance of Grid-Leak. 

Expt. 275. Production of Oscillations by means of a 
Triode, —Set up a circuit as shown in Fig. 329, with a vertical 
wire aVx)ut 6 ft. long connected to the end X of the coil L. 
In the anode circuit insert a sensitive inilliamrneter between 
the coil RG and the high-tension battery (as shown in the 
figure). 

Notk. —An experimental transmitting licence should be oblnined for 
tile cai rying out of these experiments. This covers receiving apfiaratus also. 

The components of the circuit should be made up as 
follows :— 

Coil L, 30 to 50 turns of about 2 inches diameter. 

Coil KC, 60 to 100 

Condenser C, Variable, good quality, maximum capacity 
about 0*0005 micro-farads (yufd.). 
Condenser GC, Fixed capacity, about 0*0003 or 0*0004 /wfd. 
Grid-Leak GL, Variable between 0*5 and 5 meg-ohms, or 
interchangeable grid-leaks having fixed 
resistances covering this range may be 
used. 

Valve, Ordinary Detector or Low-Frequency 

Amplifying valve. 

To obtain oscillations is com [la rati vely simple. The 
filament current is made large by cutting down the resistance 
of the filament rheostat almost to zero. LTse the maximum 
anode potential recommended by the maker of the valve. 
Place the coil RC as close as possible to the coil L, and 
connect the lower end of the grid-leak GL to a tapping on 
the grid-bias battery which is slightly ])ositive to the negative 
side of the filament. Adjust the variable condenser to its 
minimum value, then slowly increase its capacity, watching 
the milliammeter in the anode circuit. If the reading of the 
milliammeter increases mddenlyy this indicates that oscillations 
have been set up. 

If no indication of oscillations is observed, reverse the 
connections of coil RC and repeat, unless it is known that this 
coil is properly connected. If still no oscillations occur, vary 
the grid potential by altering the ix)tential applied by the 
grid-bias battery first one way then another. Alter, also, the 
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grid-leak resistance, trying the coil RC first connected in one 
way then in the otlier. Finally, if no oscillations are indicated 
at any point as tlie condenser C is varied from its minimum 
to its maximum value with any of the alterations suggested, 
try increasing the anode potential and the filament current. 

It is interesting to set up a small receiving circuit with a 
crystal detector at a few feet from the “ transmitting set 
just described. When oscillations have been obtained in the 
transmitting set, as indicated by the sudden increase of the 
milliammeter reading, adjust the receiving circuit to give 
resonant vibrations {i.e, “ tune-in ” the receiving circuit to 
the transmitter wave). If telephones arc used in series with 
the crystal detector, resonance will be indicated by a “rustling ” 
noise in the telephones, this noise having its maximum intensity 
when the circuits are properly attuned to each other. The 
adjustment can also be made by observing the deflections of a 
micro-ammeter in series with tlie crystal detector. As the 
“ tuning ” is varied, the deflection of this instrument will 
gradually increase up to a maximum, and then, when the point 
of maximum n‘sonance is past, the deflections will diminish 
again (see also Cha[)tcr XI., Expt, 265). 

§ 13. “Heterodyne’' Beats 

If two radiating ciicuits of the type described in § 12 are 
set up tat some little distance from one another, a receiving 
circuit with a crystal detector placed midway between them 
will receive o.scillations from both. By gradually varying the 
capacity of the condenser C in one of the radiating circuits, the 
frequency of the oscillations set up in this circuit can be made 
to approach the frequency of the oscillations set up in the other 
radiating circuit. 

Suppose that the frequencies are made to differ by (say) 
2000 vibrations per second. Then at intervals of -rjo'oo ^ 
second the two sets of vibrations received in the receiving 
circuit will reinforce each other, while midway between these 
points the vibrations will be in opposite phases, and will 
neutralise each other either wholly or in part. 

The smoothed rectified current i^issing through the telephones 
in series with the crystal-detector will thus range between 
maximum and minimum values, successive maxima occurring 
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at intervals of yoVu ^ result, an audible note having 

a pitch corresponding to a frequency of 2000 vibrations per 
second will be heard in the telephones. 

If the frequencies of the two radiating circuits areraade 
to differ by a smaller amount, the jiitch of the note heard in 
the telephones will fall, while if the difference of frequency is 
increased, the pitch of the note will rise. 

As a rule, the frequencies of the oscillations in the two 
radiating circuits cannot be made to differ by a very small 
amount, since each circuit is receiving oscillations set up by 
the other, and when the natural frequencies of the circuits 
become very nearly equal, the two circuits will actually oscillate 
in unison. Each circuit will, so to s})cak, drag the other out 
of its true natural frequency a little, so that both oscillate 
together over a certain range of difference of their natural 
frequencies. 

This principle is employed for the detection of uniform 
continuous waves. The receiving system is set into oscillation 
and is deliberately tuned so as to have a frequency different 
from that of the waves being received. The combined system 
of oscillations is then “ rectified ” either actually or by using 
the pseudo-rectification effect of a triode used as a detector. 
The signals are then heard as a musical note, the pitch of 
which can be varied at will by the receiving operator, by 
altering the frequency of the oscillations set up in his own 
oscillating circuit. Generally a single triode is used lx)th for 
setting up the “heterodyning’’ oscillations in the receiving set 
and also for “rectifying” them, 

Expt. 276. Production of Heterodyne Beats. —Set up 

two oscillating triode circuits as described in Expt. 275, 
using similar sets of components in each of the two circuits. 
These should be set up at a distance of several feet from 
each other, and a small crystal-detector receiving set should 
be set up midway between them. 

Having arranged each set and adjusted it independently 
to produce oscillations, listen to the sound in the telephones 
of the receiving set while the frequency of oscillation in one 
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of the oscillating triode circuits is gradually varied by altering 
the capacity of the variable condenser (J. 

Observe that at some particular value of this capacity a 
high-pitched audible note is heard in the telephones, and that 
by varying the capacity continuously hi one direction^ the 
pitch of the note heard can be made to vary, first falling 
until the note is inaudible, then, after a short range of 
silence, rising again from a very low value until it is so high 
that the note is again inaudible. 

To deal with the modulation of waves would lead us outside 
our present scope. Modulation consists in the production of 
a variable amplitude in an otherwise continuous or sustained 
wave-train. The amplitude of the wave-train is caused to vary 
with a frequency corresponding to the audible sounds it is 
desired to transmit. This may be achieved by impressing on 
the anode of the oscillating transmitting valve, or on the grid 
of this valve, fluctuations of potential corresponding to these 
audible frequencies. Various methods can be employed to do 
this, but the study of modulation as regards efficiency and 
‘‘ purity ” of reproduction is almost a science in itself and cannot 
be entered into here. 

Few inventions or discoveries made during the past three 
decades have had so important an influence on the non-scicntific 
world as the invention of the triode and the discovery of its 
various properties. Not only has the triode made wireless 
telephony practicable, but it has found many applications in 
industry; as, for example, in generating high-frequency alternating 
current for use in induction furnaces. In these furnaces metals 
can be heated in vacuo or in any desired atmosphere, by the 
eddy currents induced in them due to the rapidly alternating 
magnetic field set up by the high-frequency current circulating 
through a coil wound antside the furnace proper. In many kinds 
of industrial and scientific work, indirect heating of this type has 
enormous advantages over any method of direct heating such 
as is used in a gas-fired furnace or in an electric furnace wound 
with a “resistance’' heater. 

In the applications of triodes, practice has largely outrun 
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theory in the sense that thousands of triodes are used properly 
by people who have no knowledge, exce[>t that derived from 
experience, of how such valves should be used. The explana¬ 
tions of the simpler properties of the triodc, given in this 
chapter, should enable users of such valves to understand more 
fully how a valve ojierates, so that they will be able to unravel 
unexpected effects more readily and in a more scientific manner. 
This deeper insight into the working of a valve will give an 
interest additional to the interest taken in the practical results 
to be obtained by em]iioying such valves. 

The important industries, with their far-reaching influences, 
which have arisen from a purely scientific study of electrons and 
the emission of electrons from hot bodies, afford an excellent 
example of the possible importance to mankind as a whole, of 
investigations which at first sight may appear to be of scientific 
and academic interest only. 



PART VI 


ADDITIONAL EXEUCI8ES IN ELECTRICm' 


1. Test by means of a gold leaf electroscope the sign of the charge ])ro 
duoofl on rods of glass, ebonite, and sealing-wax when rubbed hy fur, flannel, 
and silk. 

2. Find the positive terminal of the given cells, using a compass m'edic, 
a straigiit wire, and a regulating rcsistaiuML Verify the result by winding 
the wire into a rough coil. 

3. Plot the lines of force round a long vertical wire carrying a current, 
and find from your diagram tlie intensity of the field of the wire at a distaiuui 
of 15 cm. from the wire. Take tlie earth’s horizontal field —0*185 C.CbS. 
units, 

4. Plot the lines of force round a circular coil carrying a current, and 
from your diagram j)lot a curve showing how tho field along the axis varies 
witli tlie distaiiee from the coil. 

5. Connect the given cell by a commutator to a tangent galvanora(*tcr— (a) 
directly, {h) tlirough a given resistance. Compare the currents in the two 
cases. 

6. Connect two cells—(1) in series, (2) in })arallel, (3) in ojiposition, to a 
tangent galvanometer. Compare the currents in th(^ three cases. 

7. Coinieet the two cells in series through a commutator to a tangent 
galvanometer and not(^ tlie deflections obtained. Invert the connections of 
one cell and again note tlie deflections. What result can be deduced from 
these observations ? 

8. Compare the number of turns in coil A of the given tangent galvano¬ 
meter with the number of turns in coil B, given a constant cell and a 
resistance box. 

9. A secondary cell of E.M. F. 2 volts and of negligible resistance is used 
to send a current tlirough a resistance box and a tangent galvanometer, 
whose resistance is also negligible. Find wliat current would produce a de* 
flection of 1". 

10. l*lot a curve showing the variation of the tangent of the deflection of 
the given tangent galvanometer, with the value of tlie resistance placed in 
series with the galvanometer. Shunt the galvanometer with 5 ohms, and 
repeat the observations, plotting the curve on the mme paper as the first 
curve. Can you estimate ap;proximately the resistance of tho galvanometer 
from your results ? 

11. Connect the three given cells in series with a resistance box and ft 
tangent galvanometer, adjusting the resistance till the deflection is aboufi 
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55®. Keeping the resistance constant, group tlie cells in all jjossiMe ways, 
using any number and placing them in series or in parallel. Compare the 
currents Hewing through the galvanometer in the various eases. 

12. Measure tlie strength ot the current tlirougli the given incandescent 
lamp by means of a tangent galvanometer. Exj)ress the result both in 
C.U.S. units and in amperes. 

13. Wind a length of insulated wire over a glass tube about 20 cm. 
long and 1 cm. in diameter so as to form a solenoid. Plot a curve showing 
the relation between the magnetic mouient of the solenoid and the (uurent 
flowing through it, using a magnetometer and a tangent galvanometer. 

14. Rcp(!at the ])revioUH experiment wlieii the solenoid is provifled with 
a core consisting of a bundle of soft iron wires. 

ir>. Given two coils of wire, a compass needle and a cell, determine which 
coil has the greater numher of turns. 

16. Given two coils of thick wire of the same diameter, a c.ompass 
needle, a resistance box, and a cell, hnd tlie ratio of the number of turns in 
the lirst eoil to the number of turns in the second. 

17. FMot a curve showing the relation between the weight that can be 
lifted by an electromagnet and the current flowing through the. eoil. 

18. the accuracy of the readings of the ammeter supplied, using a 
tangent galvanometer. 

19. Find how the deflection of the given galvanometer varies with 
current. 

20. Plot a curve showing the variation of deflection with current for an 
astatic galvanometer of known nvsistance, being given a set of resistances 
and a constant cell of known E.M.F. 

21. Find the. resistance of the two given coils by connecting them 
separately, then together, in series with a constant cell, a 30 ohm coil, and a 
tangent galvanometer, and noting tlie deflections olitainod. 

22. Determine the resistance of the given length of wire and calculate its 
diameter, having been given the speeifle resistance of the material. 

23. Compare the speeifle resistances of the materials of the two given 
wires. 

24. Find the electrical centre of the slide wire of a metre bridge. (The 
electrical centre is tlie point dividing the wire into two parts of equal 
resistance,) 

25. Determine the ratio of the diameters of two wires of the same 
material by measuring tlieir resistances. 

26. Find what length of tlie wire A would have a resistance of 5 ohms. 

27. Equal lengths of the wires A and B, placed in parallel, are to give a 
resistance of 5 ohms. What must be the length of each wire ? 

28. Cut olf from tlie given coil a length of wire which shall have a 
resistance of 1 ohm, allowing 1 em. at each end for connections. Check the 
result by direct measurement of its resistance, 

29. 8et up the resistance boxes supjilied to form a Post Oflice Box, and 
use it to measure the given resistance coil. 

30. Find the length of a tangle of wire, using a P.O. box. Its specific 
resistance will be given. 

31. Find the resistance of the conductor formed by using one, two, three, 
and four strands of the given wire in parallel, each strand being 20 cm. in 
length. 

32. Compare the resistance of the given coil at 0® C. with its resistance at 
100® C. 

33. Construct three voltaic cells from the materials supplied and compare 
their electromotive forces. State which is the jiositive pole in each case. 
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PT. VI 


34. Determine the resistance that must he connected to the poles of a 
cell to reduce the potential dilference between them to one half. What do 
you deduce from the result ? 

35. Plot a curve showing how the jwtential ditferenoe hetween the polos 
of a battery varies when ditferent resistanctes are connoett^d witli the pul(‘s, 

36. Being given a cell an accumulator), a number of known resistaiiees, 

and a low-range voltmeter, adjust the circuit so that exactly j oVtt of ail 
ampere ])asses through it. 

37. Measure the E.M.F. due to polarisation wlum (a) platinum ])latcH, (h) 
lead plates dip in dilute sulphuric acid. 

38. Fit up a cell with copper and zinc ])hites in dilute sulphuric acid. 
Find how the current from tlie cell varies with the time. 

39. Measure the current in amperes through a coil of known resistance by 
using a voltmeter. 

40. Find the maximum current which can be carried by the fuse wire 
supplied. 

41. Pass a current through a sheet of tin-foil from one marked point to 
another. Plot the equipoteiitial curves on the sheet by connecting two pins 
to the terminals of a sensitive galvanometer. 

42. Find the horizontal component of the earth’s field, using a tangent 
galvanometer and a copper voltameter. The electrochemical equivalent of 
copper will be given. 

43. Find the deflection of the given galvanometer for a current of 1 
ampere, assuming the electrochemical equivalent of copper to be known. 

44. Measure the heat produced in the given electric lamp wlmu connected 
across the lighting mains for a measured time. Hence calculate the current 
flowing in the lamp, and the resistance of the lamp, being given the 
difference of potential between its terminals. 

45. Find the rate of production of lieat in the given coil wlien a current 
of one ampere flows through it. 

46. The inner of tw'o coils is wound clockwise from A to B as vi(‘wed from 
above. The galvanometer supplied has its north pole deflected oast if the 
current enters it at terminal E. Find the direction of the winding of the 
outer coil. 

47. Find which end of the given magnet is its north |x)le, given a helix 
of wire, a sensitive galvanometer, and a voltaic cell. 

48. Apfdy the laws of induced currents to determine the polarity of a 
magnetised piece of steel with unmarked ends. Test the result with a 
compass needle brought up to the steel. 

49. Apply the laws of induced currents to test the poles of a box of cells 
and find which is the positive. Check the result witli a piece of }>ole-linding 
I)aper. 

60. Assuming the E.C.E. of hydrogen to be known, determine the E.C.E. 
of copper. 
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NOTES ON GEOMETRICAL OPTICS 

§ 1. Sign Conventions in Oeometiucal Optics 

The fact that light travels in straight lines in a homogeneous 
medium leads to the conception of a ray of light as a beam having 
a cross section so small that it can be i-eprcsented by a geo¬ 
metrical straight line. A pencil of rays may be parallel, as is 
the case when the source is at a very great distance ; it may be 
convergent, when the rays tend towards a point; or it may be 
divergent, when the rays tend to separate from one another. 
These j)roperties may be demonstrated by means of an optical 
disk, such as that designed by Ilartl. In this ap{)aratus the paths 
of several narrow beams of light obtained by passing light from 
a projection lantern through parallel slits appear as brilliant lines 
on a white screen. By adjusting the position of the source of 
light inside the lantern it is possible to secure parallel, convergent, 
or divergent beams on the face of the disk. 

One of the most important effects produced by a curved 
reflecting or refracting surface in an optical instrument is to 
modify the convergence or divergence of a beam of light incident 
upon the surface. This power of changing the relative directions 
of the rays constituting the incident beam can be shown by 
directing a curved mirror towards the sun. It will be seen that 
a concave mirror (for example a shaving mirror) brings the 
reflected light to a bright focus at a distance depending on the 
radius of curvature of the mirror, while a convex mirror (such as 

d50 
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'a driving mirror attached to a motor car) causes the reflected 
light to spread out or diverge from a focus. Again, when sun¬ 
light falls on a thin lens that is thicker at the centre than at the 
edges, the beam of light is brought to a comparatively sharp 
focus, which may be called the “solar focus” of the “burning 
glass.” These effects can also be shown by using an optical disc 
having suitable reflecting or refracting (cylindrical) surfaces 
attached to the face of the screen. Double-convex and double¬ 
concave lenses are usually supplied with this apparatus, the former 
producing convergence and the latter divergence. 

When rays travelling parallel to the axis pass through a thin 
lens, the distance between the lens and the focal point is called 
the focal length of the lens, and the power of the lens in dioptres 
is expressed by the rcciproaxl of the focal length in metres. 
The term “ power ” refers to the property of changing the con¬ 
vergence or divergence of an incident beam. Divergence may 
be regarded as the opposite of convergence, and the property of 
c.iusing convergence as the opposite of the property of causing 
divergence. In the optical imlustry lenses which produce con¬ 
vergence are called positive lenses, whilp lenses which produce 
divergence arc called negative lenses. 

In the elementary treatment of curved mirrors and thin lenses 
it is assumed that the aperture is small and that the rays con¬ 
sidered make only small angles with the axis. It is then possible 
to obtain simple expressions connecting together the optical and 
geometrical properties of such mirrors and lenses. Since it is 
desirable that these expressions should apply in the most general 
way possible, certain conventions as to sign have been introduced. 
In fact, various systems of conventions can be used, each of which 
is self-consistent. The most important difference between the 
systems is that relating to the sign to be attributed to the “ power 
of causing convergence ” and to the opposite property, namely 
the “power of causing divergence.” 

In 1934 a Committee of the Physical Society^ recommended 

^ Report on the Teaching of OeOTnetricaX Optics (published by the Physical Society). 
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the adoption of a convention, universal among opticians, for the 
sign of the power of an optical system. This convention may be 
expressed briefly ])y saying that a positive lens tends to converge 
and a negative lens to diverge the light.’^ 

General agreement has not yet been reached as to the sign 
conventions to be used in examining the relations between 
the positions of object and image. 


CONVENTIONS IN COMMON USE 

We shall call the systems of conventions here considered A, 
B and G respectively.^ In all these systems the position of 
an object or of an image is located with rcfeience to some 
particular point, such as* the pole of a reflecting or refracting 
surface or the optical centre of a thin lens. The conventions 
differ, however, as regards the way in which positive ( + ) or 
negative ( - ) signs are chosen for the distances concerned. 

CONVENTION A 

According to this convention, adopted earlier in this book and 
described on pages 251 and 258, distances are to be considered 
positive when measured in a direction towards the source of light. 
If, then, we regard the ‘‘ front ” of a mirror or lens as that surface 
which faces the incident light, we may say that distances ‘‘in 
front ofthe mirror or lens are to be counted positive; those 
“ behind the mirror or lens are to be counted negative. 

When this convention is used, the focal length of a concave 
mirror is positive, but the focal length of a thin converging lens 
is negative. 

Thus convention A does not lead to the same result as that 

' Strictly speaking, it is assumed in such a statement that the light is coining 
from a very distant object, so that we are dealing with a parallel pencil of rays. 

^ These designations are due to L. R. Midiileton, who has compared the 
resulting equations in A Textbook of Light (Bell, 1937). 
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used by opticians, who call the focal power of a converging lens 
positive (p. 259). 

CONVENTION B 

According to this convention, distances are counted positive 
when measured from the pole in the same direction as that in 
which the incident light travels. In other words, distances 
‘‘ behind ” the mirror or lens are to be counted positive ; distances 
‘^in front of” the mirror or lens are to be counted negative. 
The focal length of a converging lens is then regarded as a 
positive quantity. 

Comparison of Conventions A and B. —Since convention B 
differs from convention A only in the choice of the direction to 
bo called positive, the sign of each distance, m, v, r, f, is reversed 
in changing from one convention to the other. This means that 
equations involving only reciprocals of a distance have exactly 
the same form under convention B as under convention A. 

Thus we have, under convention A and convention B alike— 

T. . 111. 

hor mirrors - + = > ; 

V u f 

for lenses ^ - - = - ; 

V %L j 

.nd j 

Arguments in favour of convention A as against convention B 
fall into two main groups. They are concerned in the first place 
with the difficulty experienced by some students in realising the 
necessity for introducing sign conventions, and in tb® second 
with the ease with which a particular system will be rhderstood, 
remembered, and applied. In all the elementary examples first 
dealt with the object will be a “ real ” one, and may appear an 
unnecessary complication to make the ‘‘ object ^Xistance ” u negative, 
as is done in using convention B. The more negative quantities 
there are in w, v, /, the greater is chance of error. In uost 
problems that arise the object value of ^ 

f is required* There is, A-advantage in adopting 
Vention, such as A, r’-'f “ positive value of tor a real object, 

lu the elemp’’' of the subject, uiso, the first simple 
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case usually treated is the formation of a real image of a real object 
by means of a concave mirror. Here all the distances to be 
measured lie in front of the mirror, and to say, in accordance with 
convention B, that all these distances are to be considered negative 
is undesirable. For this conventional result not only appears un¬ 
necessary to the beginner, but it suggests to his mind that geometrical 
optics is a ditticult subject. 


CONVENTION C 


When convention C is used/ distances are measured along a 
ray of light. Now the measurement of any lerigth is a deter¬ 
mination of the distance between two points, which may be called 
the “ end points ” of the length to be measured. For an optical 
path such as we are here considering one of the end points is 
either a small object (a point source) or a small image ; the other 
end point is usually situated on a reflecting or refracting surface. 
In the simplest optical experiments^ this latter j)oint is the pole 
of a spherical surface, which may be either reflecting or refract¬ 
ing, or in the case of a thin lens it is the point which is called 
the optic centre (pages 257, 258). 

A simple preliminary statement of convention C may be given 
by saying that when this convention is used, lengths which are 
measured along actual rays of light are considered positive, and 
lengths w^hich are measured along virtual rays are considered 
negative. An alternative statement is that u (the object distance 
with’ reference to the pole of a mirror or the optic centre of a 
lens) k positive w^hen the object is real, and negative when it is 
virtual; similarly v (the image distance with reference to the 
same points) is positive when the image is real, and negative 
when the image is virtual. 

It is/also nfo^fjssary to adopt some convention as to the sign 
to bei given to the r'»dius of curvature of a spherical reflecting 
or ij/dracting surface, determine the sign in such a case we 


* 'Tiore detailed diacussion of based on convention C reference 

may ^ Q. R. Noakes, A Text-Boo^ nr (Macmillan, 1937). 

2 Although wc are confining our attention to , „ 

making only a smar. angle with the axis of the sybtefff, nointii 

out that convention C ib advantageous in the more general treats ^ ^ 
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imagine a parallel pencil of rays travelling in the direction of the 
axis and falling on the surface. If the effect of the reflection or 
refraction is to produce convergence, the radius of curvature is 
positive, but if the effect on the parallel pencil is to produce 
diverg(uice the radius of curvature is negative. The focal length 
obtained by using convention C is in agreement with the optician's 
definition of focal })Ower. 

All other distances involved in any optical calculation, such as 
the displacement of a lens from one position to another or the 
se]>aration between two lenses, are positive. 

The rules which are adopted according to convention C may 
thus be summed up as follows :— 

1. All distances are measured to or from th&pole of a spherical 
surface, whether reflecting or refracting, or from the optic 
cenirc of a thin lens. 

2. Distances actually traversed by light rays ^ are considered 
as positive; distances which light has only travelled virtually 
are considered as negative. 

3. The radius of curvature of a surface is considered as posi¬ 
tive if the surface produce convergence for a parallel bearn 
of lights but negative if the surface produces divergence. 

When convention C is used in dealing with the wave theory 
of light, similar rules to those already stated must be adopted to 
determine the sign for the curvature of a wave front. 

If U and V represent the curvatures of a wave before and 
after reflection or refraction : 

ir is positive for a real object, negative for a virtual object; 

V is positive for a real image, negative for a virtual image. 

We shall now consider the application of the rules for con¬ 
vention C to the experiments described in Part III on Light. 


Spherical Mirrors (pages 250-256).—Using convention C the 
general formula for spherical mirrors is 

112 ,12 

V u r f r 

^ Tliis inchules distances traversed in the substance of a thick lens or between 
diflerent components of an optical system. 

Y 
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The equation is of the same form as that obtained by using 
conventions A or B. 

Since a c07u\u>e mirror has a real principal focus, 

the focal length is + and the radius of curvature is 4-. 

Since a convex mirror has a vwtual principal focus, 

the focal length is - and the radius of curvature is — . 

It should be noticed that tlie equatioiis given aiid the signs eni- 
ploged for spJierical 7nirrors in Chapter II of Light are identical 
with those here given. 

Thin Lenses (pages 257-263).—Using convention C the general 
formula for thin lenses is : 

~ ^ where » = (yu - 1) - + - 

V u f f V/' S/ 

It should be noticed that the €H|uation connecting v and/is 
now symmetrical and of the same form as for mirrors. This makes 
the equations ])articularly easy to remember. 

For a bi~convex lens in air, r and are both positive and the 
fociil length / is positive. The lens is converging. 

For a bi-concave lens in air, r and s are both negative and the 
focal length / is negative. The lens is diverging. 

Strictly speaking, the focal length depends not only on the 
material of the lens itself, but also on the refractive index of the 
surrounding medium. 

The equations given in Chapters III, IV and V of Light must 
be modified when convention C is used. 

Idle formula - - - = ^ now becomes ^ ^ == -• 

V U f V u f 

The formula V — U = F now becomes V + U = F. 

The formula^ = (/^ ~ ^ ^ ~ becomes ~ — (p- • 

We may add the formula for refraction at a single spherical 
surface, which is : 

V u r ' 

The Graphic Construction for the focal length of a thin lens given 
on pages 276-277 requires modification when convention C is used. 

For a real object u is positive, and the value of u is marked off 
along the positive direction of the axis of X. For a real image the 
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valae of v is positive, and this is marked oflF along the positive 
direction of the axivS of Y. Corresponding pairs of points, such as 
^^2 ^2 are joined by straight lines, and it should then be found 
that these lines intersect in a single point F. The distance of this 
point from each axis is equal to f. The same graphical method can 



Fro. 330. —Graphic Construction for Focal Lcn<rt^h (Oonv»>rging Ijcns). 


be applied when the image is virtual, as is indicated by the dotted 
line in the lower part of Fig. 330. 

Expt. 129. Determination of the Focal Length of a 
Converging (Convex) Lens. —Method II (pp. 27G-277).— 
In this method two positions of the lens are found for an 
assigned distance d between the object and the screen. This 
is only possible when d is greater than 4/. Let a be the 
distance between the two positions of the lens. Then 


d - a d-i- a 



and on substituting in the formula 

1 1^1 

V u f 

we obtain /= H-- . 

4tt 

In the particular case for which a = 0 the distance d has its 
minimum value and 
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Optical Instruments (pages 280-291),—Chapter VI is con¬ 
cerned with optical instruments and with their mag’nifying 
power. Since the word ‘‘powerhas already been used in a specific 
sense in relation to lenses, we may substitute the exprt 3 ssion 
angular magnification when considering instruments, such as 
telescopes and microscopes. These produce an image Avhich 
subtends an angle at the eye different from the angle subtended 
by the object when viewed directly. 

The Simple Magnifying Class belongs to a category of its 
own. It enables an object to be seen clearly wlien brought 



close up to the eye, where it subtends a comparatively large 
angle. In this case the term magnifying power is understood 
to mean the ratio between the angle subtended by the image seen 
by the aid of the glass and the angle which would be subtended 
by the object if it were moved back far enough to be seen clearly 
by the unaided eye. The least distance of distinct vision for a 
normal eye is taken as 2f) cm. 

Thus, if an object of size AB (Fig. 331) were viewed with the 
unaided eye at a distance of 25 cm., the angle suVjtended at the eye 
would be AB/25. This gives the largest retinal image which can 
be clearly focussed by the unaided eye. 

If now the object be viewed by means of a lens 6f focal length / 
placed close up to the eye, the largest retinal image which can be 
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clearly focussed will l>e obtained if the object distance w cm. is 
chosen so that the image ah will be at a distance v equal to 25 cm. 
The angle subtended by this image (and, incidentally, l)y the object 
as well) will then be (r/6/25. 

The Magnifying Power as already defined can thus be written as 

.. . ahl2b ah 

Magnifying Power= 

But when the lens is being used, 

ah V - 25 

AB ?/ ’ 

the minus sign being necessary because the image is a virtual one. 
Also we know that when convention C is used, 

1 1 1 


—h - = -. 

V U / 

111 1 

- or - = 

2o u J u 


1 

25 - 
25 25 

Thus Magnifying Power = — = - -- -f 1. 

^ S 

This equation, of course, assumes thiit / is measured in cm. 
Since 25 cm. is one-quarter of a metre, the relation can also be 
stated in the form 

M ^ 1 + (distance of distinct vision in metres) x (power) 
where the power of the lens is in dioptres, or 

M ~ 1 + ;J (power in dioptres). 


Linear Magnification.—For instruments such as projection lan¬ 
terns and cameras we are concerned with linear magnification, m. 
This is detined as the ratio of the length of the image to the length 
of the object. 

Before a sign is given to m some convention is needed, but on 
this matter agreement has not been reached. In the llepmi of 
the Physicfil Society the convention is adopted that when the 
image is upright the magnification is given the positive sign, and 
when inverted, the negative sign. Thus the magnification of an 
erect imago is considered numerically +, and the magnification 
of an inverted image numerically — (see p. 290). For some 
purposes, as in specifying the scale of enlargement of a photo¬ 
graph, the inclusion of a sign would be pedantic. But in 
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theoretical work it is convenient to assume that the axis of the 
optical system is horizontal, and to take upward displacements 
as positive and downward displacements as negative. 

When convention C is employed, the formula for the linear 
magnification m is then 


V 

in= —. 
u 


This equation is exactly the same for spherical mirrors and for thin 
lenses. For a real object (u positive) the image is inverted when 
real (v positive), and erect when virtual (c negative). In the experi¬ 
ments on the optical lantern (pages 290, 291) we must now write 

1 1^1 
ly u f 

for a lens of focal length f. Thus the focal length 



j)rovided the proper signs are given to v and to m. 


% 2. The Spatial System 

When a lighted candle is held in front of a plane mirror, the 
image formed is a virtual image. The reflected rays travel in 
the space in front of the mirror, but the directions of these rays 
are such that on being produced backwards they intersect at 
a place behind the mirror where the image appears to be situated. 
Thus the space behind the plane mirror may be described as the 
virtual image space. There is also the possibility of the forma¬ 
tion of a real image in front of the mirror, but this requires 
additional apparatus. Suppose an optical lantern to be arranged 
to give a real image of a lantern slide on a screen some disbince 
from the lantern and that the plane mirror be interposed not far 
from the lantern in the path of the light. In this case the 
reflected rays will form a real image situated in front of the 
mirror. Consequently the space in front of the reflecting surface 
may be described as the real image space. 

In the experiments (Expts. 108 and 109) on the formation of 
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an image hy a concave mirror, a real image was formed in front 
of the mirror when a small object was placed at a distance from 
the pole greater than the focal length. But a virtual image is 
formed by a concave mirror, as in a shaving mirror, when the 
object is at a distance from the polo less than the focal length of 
the mirror. In both cases we are led to a division of the space 
in which the image can be formed into two parts, the virtual 
image space and the real Image space. The same distinction 
may be introduced when dealing with a refracting surface, or 
with a thin lens. According to convention C distances in tlie 
real imago space are considered positive ( + ), those in the virtual 
image space negative ( — ). 

Similar treatment may be applied to the object space, for 
although in actual practice we generally have to deal with a real 
object, it is possible to introduce the conception of a virtual 
object, and in some optical instruments this is a very convenient 
idea. To illustrate the meaning of the term “virtual object” 
we may suppose that a projecting lantern is arranged so as to 
form a real image of a lantern slide at a distance of 18 feet fiom 
the lantern. Now let a large plane mirror be placed (say) 6 feet 
from the lantern, the mirror being not quite normal to the inci¬ 
dent beam but slightly tilted so as to reflect the light over the top 
of the lantern. Then a real image will be formed 12 feet in front 
o| the mirror, that is 6 feet behind the lantern. Such an arrange¬ 
ment is sometimes convenient in a small lecture room, as the lantern 
may be on the lecture table pointing towards the audience and 
the final image be formed on a screen behind the lecturer. 

If we now fix our attention on the action of the plane mirror, 
we find that the usual behaviour of such a mirror is reversed. 
The real image which would have been formed, were there no 
mirror present, acts as virtual object 12 feet behind the mirror 
and the mirror then produces a real image 12 feet in front of its 
reflecting surface. 

In such a problem distances in the virtual ol/ject space behind 
the mirror would be considered negative (Fig. 332). 
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In view of the fact that in the last method recommended in the 
Keport (Group II, Case 1, or C) stress is laid on a clear distinction 
between object space and image space, this system may be called 
a “spatial” system, and convention C the “spatial” convention. 
It should, however, be noted that it is possible to develop the 
relations between object and image without express reference to 
these “ spaces,” which may prove confusing to a beginner. 

Expt. 277. Formation of a Virtual Object.—Set uf) a 
small electric lamp on the table to serve as a real object. 
Arrange a suitable converging lens with its axis horizontal, t(j 
give a real image on a white card at a distance of one or two 
metres from the lamp. Place a plane mirror ^ ctween the lens 
and the card in 
such a position 
that the reflected 
beam is horizon¬ 
tal and is travel¬ 
ling slightly to 
one side of the 
lens. Set up 
a second white 
card in the path 
of this beam and 
adjust it so that 
an image of the 
lamp is in sharp 
focus. This real 
image may be 
regarded as due 
to the “virtual 
object ” situated 
behind the 
mirror at the 
position OCCU- 332 ,—imago and object spaces for a reflec ting surface. 

pied by the first 

card. Measure the distance of each card from the mirror. 
If the reflecting surface is plane these distances should l>e 
equal. Repeat the observations for four different positions 
of the component parts. 

The use of the term “virtual object” may also be illustrated 
by the following experiment which provides a method of finding 
the focal length of a diverging lens. 
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Expt. 278. Determination of the Focal Length of a 
Concave Lens. —IV. First find the positions of conjugate foci 
for a convex lens as in Exr'i’. 115, using one ])in as the object 
and ]>lacing th(i second j)in on tlie other side of the lens so as to 
coincide with the real inverted image. If a concave lens is 
now })laced between tlie convex lens and this image, the latter 
may be regarded sis a “ virtual object ” for rays of light passing 
through the concave lens. Measure the distance from the 
concave lens to the point of pin No. 2. This distance re]>re.sents 
the value of u with reference to the concave lens, but as the 
object is virtual it is to be regarded as a negative quantity. 
N(‘xt move 
})in No. ’ 2 
further away 
from the con¬ 
cave lens and 
again adjust 
it so as to 
coincide in 
j)osition with 
the real image 
of pin No. 1 
formed by 
light passing 

through both 333.—(a) Real and virtual parts of object space, 

lenses. Meas¬ 
ure the dis¬ 
tance of this 
new position 
of pin No. 2 
from the con¬ 
cave lens. 

This repre¬ 
sents the 
value of c, 
but as the 
image is real 
it is to be re¬ 
garded as a Fig. 333.—(b) Virtual and real parts of imago space. 

positwe (juan- 

tity. Calculate the focal length of the concave lens by sub¬ 
stituting the values of u and v in the formula 
1 

u ~ f 




y2 
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The observations should be repeated for another position of 
pin No. 1. Calculate the focal power of the concave (diverging) 
lens in dioptres. 

The image and object spaces for a reflecting surface are 
illustrated in Fig, 332. In the diagram the reflecting surface is 
plane but a similar result applies for a curved reflecting surface. 
It recpiires some effort of the imagination to picture these spaces 
as, in a sense, distinct, because actually they overlap and arc 
co-exterisivo. 

It is somewhat easier to visualise the object space and the 
image space in the case of a lens mounted in a large upright 
panel. These spaces are shown in Fig. 333 (a) and (h). Both 
spaces extend to infinity along the axis in both directions. 
Corresponding to any chosen point in the object space there is 
one and only one point in the image space. Such points are 
said to be covjugate j.>oruU. 

Note. —In carrying out “pin methods’^ for lenses in a poorly lighted 
room it may be necessary to use artificial illumination. A convenient 
way of doing this is to set up an electric lamp behind the pin, placing 
a sheet of ground glass between them. In this case the pin is seen 
against a light background and the paper Hag may be dis])ensed with. 

An alternative plan (which is useful in many optical experiments) 
is to use instead of a pin a very small electric lamp, such as is fitted in 
a pocket torch. Current may be provided by an accumulator, and, if 
necessary, the brightness may be regulated by using an adjustable 
resistance in series with the lamp. Wlien alternating current is avail¬ 
able, a step-down transformer may be used to give the low voltage 
required for motor car lamps, whicn can be used to serve as objects in 
fully-lighted laboratories. For preference the lamps should be “under- 
run,” i.e. a 12-volt lamp should be operated on 6 to 8 volts, or a 6-volt 
lamp on 3 to 4 volts, otherwise they appear undesirably bright. By 
placing a filter of coloured glass or gelatine in front of the lamp 
approximately monochromatic light may he obtained, should that be 
desirable for any particular experiment. 

Methods of obtaining narrow beams of light for elementary optical 
experiments are described in the Science Masters^ Book^ Physics (Murray). 
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Earth, magnetic field of, 427, 673 
Edison^ 607 
Efficiency, 97, 100 
of electric lamj), 637 
of motor, 659 
Elasticity, 109 

Electrical oscillations, 590*596,601-604, 
637-644 

Electrochemical equivalent, 526, 672 
of hydrogen, 526 
of copper, 530 

Electrode-less discharge, 614 
Electrodes, 624, 546, 608, 609 
Electrolysis, 524 
Electromagnet, 449 
Electromagnetic, induction, 540 
machines, 554 

radiations, 591-596, 637-644 
unit of cajtacity, 560; current, 459; 
potential difference, 538; resist¬ 
ance, 468 

Electromotive force, 477, 540 

forces, comparison of, 482 ; back, 
526, 633 ^ 

Electronic current, 605-607 
Electrons, 445, 547, 606 
Electrophorus, 440 
Electroscope, 438 
condensing, 444 
Electrostatics, 437 
Energy, conservation of, 73 
heat, 373 

kinetic, 12.5, 132, 143, 146 
of strained body, 123 
units of, 123, 637 
Engine, 97 
Equilibrant, 66 
Equilibrium, 75, 93 
Equivalent, mechanical, of heat, 373 
Erg, the, 96, 123. 637 
Exercises, additional, electricity, 
646 

heat, 389 
light, 310 
magnetism, 434 
properties of matter, 197 
sound, 225 

Expansion, linear, 826, 669 
cubical, 328 
apparent, 838 
of liquids, 328 
of gases, 335 

Eye and ear estimations, 30 
Eye-lens, 282, 286 
Eye-ring, 284 


Factor of galvanometer, 461 
Farad, the, 660 
Faraday^ 524, 540 
Faraday, the, 526 
Faraday's Ice-Pail, 441 
ring transformer, 547 
Field, magnetic, 394 
earth’s, 397, 421, 427 
of bar magnet, 398, 409 
of current, 448 
of single pole, 398, 408, 422 
Fields, comparison of magnetic, 408, 
419, 452 

Figure of merit of galvanometer, 571 
F'ixed points of thermometer, 316 
F'lame spectra, 301 
Fleming, 596, 608 
Fleming's valve, 596, 608 
Fletcher’s trolley apjraratus, 135 
Flicker Photometer, 303 
Flux, luminous, 303 
Flywheel, Moment of Inertia of, 146,149 
Focal length, concave mirror, 251, 254, 
2,56, 274, 650, 652, 656 
convex mirror, 251, 255, 265, 656 
lens, 257, 258, 267, 291, 651,652,653 
concave lens, 262, 269, 278, 656, 663 
convex lens,260,268,275,291,656,657 
Focal plane, 258 

power, 259, 651, 656, 659 
Focus, conjugate, 247, 254, 261, 262 
principal, 247, 250, 257, 260, 262, 
650, 651 
Force, 64, 128 
unit of, 96, 184 
magnetic, 394 ; Law of, 422 
Force Ratio, 98 
Forces, composition of, 64 
Fortin’s Barometer, 176 
Fraunhofer lines, 301 
Freezing point, 315, 317 
Frequency, 202, 209, 210, 215, 219 
Friction, 89, 874 

correction for, 137, 139, 149 
of rope over pulley, 94 
Frictional electricity, 437 
Full-wave rectification, 620 
Funicular polygon, 87 
Fusion, latent beat of, 350 

Galvanometer, constant of, 461 
damping oscillations of, 601, 675 
dead-beat, 675 
Hemholtz, 634, 566 
high resistance, 671 
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Galvanoiiieter, low resistance, 571 
resistance of. 475, 498, 504, 510 
sensitivity of, 569 
suspended needle, 568 
suspended coil, 572 
tangent, 457, 459, 665 
Gas constant, 341 
Gases, 173 

expansion of, 335 
Gauge, niicrometer screw, 26 
Oaifss, 427 
Gauss, the, 394 
Gearing wheel, 106 
Oee, 457 

Generation of electrical oscillations, 
590, 591, 637*644 
Glass, thermal conductivity of, 371 
Glow, negative, 546 
Graduation of thermometer, 320, 322 
Gram, the, 13 
Grani'inolecule, 341 
Graphic methofls, 10, 83, 87, 238, 
241, 276, 656 
Statics, 87 

Graphs, 10, 165, 170, 300, 319, 349, 
357, 359 

Gravity, acceleration due to, 134, 141, 
163, 166, 171, 172 
Centre of, 79, 82 
Grease-spot Photometer, 305 
Grid, of a valve, 609 
-bias, 611 

-coupling condenser, 634, 638, 640 
current, 610, 627, 628 
leak, 634, 638, 640 
potential, 610, 611 
Grove cell, 447 

H, determination of, 427 
Half-wave rectitication, 619 
Hard valves, 613 
Hare’s apparatus, 62 
Heat, mechanical equivalent of, 373, 
535 

unit of, 342 

Heating effect of electric current, 535 
Height, measurement of, by barometer, 
179 

Helmholtz galvanometer, 534, 566 
HertZy 591 

Hertzian Waves, 592 
Heterodyne beats, 642-644 
Hicks’s Ballistic Balance, 130 
High-frequency orcillations (electrical), 
690-696, 601-604, 637-644 


HoOlC€y 109 

Hookes Law, 109, 112, 122 
Horizon, artificial, 235 
Horizon-glass, 234 
Horse ))o\ver, 538 
Humidity, 383 

Hydrogen, electrochemical equivalent 
of, 526, 672 
Hydrometers, 59 
Hydrostatic balance, 53 
Hygronietry, 383 
Hypsoiiieter, 316, 318 

Ice, latent heat of fusion of, 360 
Ice-Pail, Faraday’s, 441 
llluriiination, 302, 309 
Image, optical, 231, 660-664 
real, 253, 254, 260 
virtual, 255, 260 

Impedance of valve, 624, 625, 627, 631 
Inclimitioii. See Dip 
Inclined plane, 72, 93 
solid rolling on, 150 
Index glass, 234 
Induced currents, 540 
Induction, eleetrostatie, 438, 441 
electromagnetic, 540 
coil, 544 

Inductor, Earth, 548 
Inertia, Moment of. See Moment 
Insulator, 437 
Intensity, magnetic, 394 
Interrupter, 54 4 
Interval, musical, 202 
Ionisation effects in valves, 612, 613 
in gases, 612-618 
Ions, 612-618 
Isotopes, 674 

Jollyy 337 

Joly’s Photometer, 307 
JuuUy J. P,y 373, 374 
.Joule’s Law, 535 
Joule, the, 96, 373, 535, 537 

Kathode 524, 608 610 
rays, 547 
Ration, 624 
Kelvin, Lordy 498, 621 
Kelvin, the, 637 

Kelvin’s method for galvanometer re¬ 
sistance, 498, 504, 510 
Kelvin’s Double Bridge, 521 
Keys, electric, 583 
Kilowatt, the, 538 
Kundt’s tube, 213 
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Lamp, electric, 537 I 

Pentane, 302 
{See Photometry) 

Latent heat, 350, 352 
Least Count, 20 
Leclancho cell, 447 

Length, measurement of, 7, 19, 22, 69 
unit of, 12 

Lens, 257, 267, 275, 278, 650-G61 
{See Focal Length) 
magnifying power of, 280, 658 
Lever, 75 

Limit, elastic, 109 

Lines of magnetic force, 394, 448 

Link polygon, 87 

Logarithmic tables, 676 

Lununer-Brodhun Photometer, 307 

Machines. 97 
Magnet, 393, 405 
ball-ended, 394 
bar, 394 

oscillating, 161, 420 
Magnetic detector, 694 
Magneto-dynamo, 657 
-machine, 554 
-motor, 558 

Magnetometer, deflection, 406, 457 
mirror, 407 
oscillation, 429 

Magnification, linear, 290, 659 
Magnifying power of lens, 280, 658 
microscope, 282, 658 
telescope, 286, 658 
Mains, lighting, 588 
Mance’s method, 499, 505, 611 
Marconu 594 
Mariotte, 173 
Mass and weight, 14, 134 
Mass, measurement of, 14, 18 
unit of, 13 

Mathematical Tables, Appendix, 676 
Maxwell, Clerk, 394, 592 
Maxwell, the 544 
Mechanical, advantage, 98 
equivalent of heat, 373, 535 
powers. See Machines 
Melting point, 322, 340, 369 
Mensuration, 595 

Meridian, magnetic, 393, 402, 427 
Metre, 13, 28 
Bridge, 500 
Microfarad, the, 660 
Micrometer eyepiece, 27, 194, 320 
screw, 24, 326 


Micromillimetre, 300 
Microscope, 27, 246, 282 
micrometer, 27 

travelling or vernier, 27, 193, 320, 
327 

Mirror, plane, 230, 660-662 
concave, 247, 250, 267, 269, 274, G50 
convex, 250, 264, 651 
sphere on concave, 165 
Mixtures, method ol. in electricity, 563 
in heat, 343 
Mo<lulated wave, 598 
Modulus, Bulk, 111 
of Elasticity, 109 
of Rigidity, 110, 118, 171, 668 
Young's, ilO, 112, 214, 668 
Moment, of a force. 75 

of Inertia, 84, 143, 145, 428, 667 
Moments, magnetic, 394 
comparison of, 410, 424 
Momentum, 128 

Conservation of, 129 
Electrical, 590 
Monochord, 219 
Motors, 554 

Multiple-electrode valves, 612 
Musical scale, 203 
Mutual induction, 544 

Neon Lamp, 616 
Neumann, 540 

Neutral ]>oint. 396, 398. 399, 451 
Newton, 292 

Newton’s Laws of Motion, 128 
Law of Cooling, 356 
Nicholson’s hydrometer, 59 
Node, 206, 214 
Note-books, 4 
Null methods, 6 

Object glass or objective, 282, 286, 289 
Oersted, 448 
Ohm, the, 468 

coil, con‘.truction of, 514 
Ohm's Law, 468, 495 
departure from, 696, 600 
Optic centre, 268, 654 
Optical bench, 273 
instruments, 280, 658 
lantern, 289, 659 

Optiu.s geometrical, 229 ; Supplement, 
650 

Oscillations of a magnet, 161,419,428,453 
high-frequency electrical, 590-696, 
601-604, 637-644 
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Oscillations, produced by condenser 
discharge, 590 
produced by triode, 637-644 
Oscillatory discharge of condenser, 590 

Parallax, 19, 229, 406, 438 
Parallel, resistances in, 472 
Parallelogram, of forces, 64, 69 
of vectors, 64 
Paul’s commutator, 582 
Pendulum, simple, 31, 159, 163 
compound, 160, 167 
torsion, 161, 171 
simple equivalent, 168 
Pentane lamp, 302 
Period, 155, 158-163, 169 
Periodic motion, 155, 163 
Permeability, 543, 548 
Phase, 155 

Photography, 293, 395, 547 
Pliotorneter, 303-309 
Bunsen’s, 305 
Flicker, 303 
Joly’s, 307 

Lunirner-Brodhun, 307 
Photo-electric, 309 
Rumford’s, 304 
Swan's, 307 
Photometry, 302-309 
Pitch, of musical note, 202,211,219,222 
of screw, 24 

Plane, static inclined, 72 
Planimeter, 36 
Plate of a valve, 608, 609 
Plotting magnetic fields, 394, 450, 4,56 
Pohl’s commutator, 682, 584 
Polarisation, 447, 481 
Polarity, tests for, 44.5, 449. 588 
Pole, magnetic, 393, 398, 899, 405 
of cell, 445, 688 
Polygon, link or funicular, 87 
of forces, 66, 70 
Post-Office Box, 506 
Potential, 442 

difference, 44^6, 636, 571, 589 
Potentiometer, 484, 4^ 

Power, 96,638, 651, 658, 659 
Weight and, 108 
Pressure, 53 
atmospheric, 174 

correction of boiling point for, 318 
definition of, 63 
in soap bubble, 194 
of aqueous vapour, 383, 628, 670 
of gases, 173, 182, 389 


Pressure, units of, 53, 175, 176 
vapour, 383 
Primary coil, 540 
Principal plane, 258 
Prism, 239, 292, 294, 296 
Projection, optical, 289 
of spectrum, 292 
Propagation, rectilinear, 229 
Pseudo-rectifying action of a triodC; 
634-637 

Pulley blocks, 100 

Pulley, friction of rope on, 94 

Radiating circuits, 601, 602 
Ivadiation, correction for, 348 
Radius of curvature, 46, 47, 278, 654 
of gyration, 143 

of mirror, 263, 264, 274, 654, 655 
Ratios, Force and Velocity, 98 
Reaction coil, 637, 638, 641 
Receiving circuits, 603, 604, 642 
Records of results, 4 
Rectification of alternating current, 
618-620 

of electrical oscillations, 595-599, 
608, 634-637 
Reflection, Laws of, 230 
total internal, 242 
caustic by, 247 

Refraction, imlex of. 236, 238, 244, 
269. 271, 279, 655 
Laws of, 235 
caustic by, 248 
JRegnauliy 317 

Regiiault’s apparatus for specific heat, 
345 

hygrometer, 385 

Residual charge on condenser, 590 
Resistance, 468, 496, 624, 625 
by ammeter and voltmeter, 495 
by method of substitution, 471 
by Wheatstone’s bridge, 496 
box, 585 
carbon. 586 
coil, 514, 584 
frame, 586 
high, 522 

internal, of cell, 480, 487, 499, 511 
lamp, 688 
low, 621 

of galvanometer, 475, 498, 504, 610 
of wire, 498, 503, 508 
specific. Resistivity 
temperature coefficient of, 517* 53^ 
671 
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Resistance, unit of. Stt Ohm 
Wheatstone’s, 586 

Resistances in series and in parallel, 
472 

comparison of, 520 
Resistivity, 502, 503, 509, 671 
Resolution of vectors, 70 
Keeonance, 204 
electrical, 603 
tube, 206 
Resultant, 65 
Rheostat. Ute Resistance 
Richardson^ L. F., 172, 355 
Rigidity, Modulus of, 110,118,171,668 
Rontgen rays, 547 
Rotation of rigid body, 143 
of mirror, 232 
Routh’s rule, 651 

Rubljcr, thermal conductivity of, 370 
Ruhmkorirs coil, 645 
Rumford’s Photometer, 304 

Sagitta of arc, 252 
Saturation current, 607 
Scalars, 64 

Schuster’s Method, 311 
Screw, 104 
micrometer, 24 

Searle’s oscillating needle, 420 
Second, mean solar, 13, 29 
Secondary cell, 448, 491 
coil, 540 

Sensitivity of galvanometer, 568 
Series, resistances in, 472 
Series-winding, 565 
Sextant, 233 
Shadow photometer, 304 
Shear, 111 

Shunt, galvanometer, 473, 508, 576 

Shunt-winding, 555 

Simple Harmonic Motion, 165 

Simpson’s Rules, 35 

Sines, table of, 680 

Siren, 210 

Slide-rule, 9 

Slide-wire Bridge, 500, 503 

Soap solution, surface tension of, 195 

Soft valves, 613, 617 

Solenoid, 464 

Sonometer, 219 

Space-charge, 605 

Space, image and object, 660-664 

“ Spark ” signals, 598 

Spark spectra, 301 

Spatial system, 660-664 


Specific Gravity, 50 
bottle, 50 

Specific Heat, definition, 343 
of solid, 343 
of liquid, 347, 360 
table of, 670 

Specific Resistance, 502, 503, 509, 671 
Spectra of ionised gases, 617, 618 
Spectrometer, 294, 300, 311 
Si^ectroscope, 294 
Spectrum, 292, 671 
map of, 300 

Spherometer, 45, 254, 271, 326 
Spring, calibration of, 122 
balance, 122 
energy of, 125 
oscillating, 162 
Static Friction, 91 
Statics, 64 

Steam, latent heat of, 352 

Stefan’s Law, 356 

Stem Exposure, effect of, 316 

Stewart^ 457 

Strain, 109 

Stress, 109 

Strings, vibrations of, 218 
Substitution, method of, 28, 471 
Super-cooling, 360 
Surface Tension, 190 
Sustained wave, 595-597, 639 
Swan’s Photometer, 307 
Switch, 581, 583 

Tangents, table of, 684 
Telescope, 267, 286, 295, 296, 658 
Temperature, absolute, 341 
and barometric height, 180 
and pressure, 335 
and resistance, 517 
and the velocity of sound, 201 
measurement of, 315 
Scale of, 315 
gradient, 365 
slope, 365 

Tension, Surface, 190 
TIjermai capacity, 342, 670 
conductivity, 365, 670 
TIierniio7iic current, 606 
valves, 605-644 

Thermometer, mercury in glass, 315 
constant volume air, 337 
platinum, 517 
weight, 332 
Thermometry, 815 
Thomson^ Sir Wm. See Kelvin 
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Three-electrode valve^ 609-612, 622-644 
Thrust, 03 

Time, measurement of, 29, 163 
unit of, 13 

Tractive force of magnet, 404 

Transformer, 547 

Triangle of forces, 66, 69 

Triode, 609-612, 622-644 

Trolley, Fletcher’s, 185 

Tuned electrical circuits, 600-604, 642 

Tuning-fork, pitch of, 209, 211, 216 

Tuning, notes on, 224 

Twisting a wire, 118 

Two-electrode valve, 607, 608, 618-622 

U-tul>e barometer, 176 
U-tube method, 62 
Units, fundamental and derived, 12 
Upthrust, 54 

Vacuum tube, 301, 546, 607, 614 
Valves, thermionic, 605 
Vaporisation, latent heat of, 352 
Vapour pressure, 383, 388 
aqueous, 387, 698 
Vectors, 64 
Velocity, 129, 133 
angular, 145, 147, 156 
of sound, 201, 207, 209, 214 
of transverse waves, 217 
Velocity Ratio, 98 
VernieTy P., 20 
Vernier callipers, 22 
microscope, 27 
principle of the, 20 
Vibrations, 155 

electromagnetic, 690, 637 
stationary, 205, 218 
transverse, 217 
Vibrator traces, 172 
Vision, least distance of distinct, 280,658 
Volt, the, 447, 635, 538 
Volta’s cell, 446, 477 


Voltameter, 524 

Voltameter, hydrogen, 527, 529 
copper, 531 
Voltmeter, 488, 678 

internal resistance by, 480 
Volume, measurement of, 44, 68 
of a gas, 173, 628 
Voss, 440 

Water equivalent, 342 
Watt, the, 96, 538 
Wave-length, 203, 206, 300 
table, 671 

Waves, electromagnetic, 591 
transverse, 217 
Wave trains, 595-597 
Weighing, 7, 14, 70, 79, 89, 223 
Weight and mass, 14, 134 
Weight thermometer, 332 
Weston cell, 447 

Wheatstone’s Bridge, 7, 496, 562, 671 
Rheostat, 586 

Wheatstone commutator, 581 
Wheel and axle, 103 
on inclined plane, 151 
Wheel gearing, 106 
Wilsoriy W.y 241 
WimshuTsty 440 
Work, and heat, 373 
unit of, 96, 123 

measurement of, 73,145, 635, 637 
X-rays, 547, 614 
Yard, 28 

Young’s Modulus, 110, 112, 214, 668 
for a beam, 115 
for a cantilever, 117 
for a wire, 112 

Zero circle of planimeter, 39 
error, 23, 26, 317 
Zero, working to a false, 16 


THE END 
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